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Ox, Oy, Oz

u, v, w

NOTATION

Axes of the reference triad

Components of the veloclty vector along the
axes Ox, Oy, Oz

Absolute temperature

Potential temperature

Specific humidity

Turbulent momentum flux

Turbulent perceptible enthalpy flux
Turbulent water vapor flux

Long wavelength radiation flux

Latent heat of vaporization of water(2,5><106.Lkg
Karman constant (0.4)

Acceleration of gravity

Mass per volume of air

Mass per volume of atmospheric water vapor
Specific heat of air (

Bowen ratio

Friction velocity

Reference temperature

Specific reference humidity

Kinematic viscosity coefficient

Coefficients of molecular diffusivity for
water vapor and heat
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kM, kH and k Coefficient of turbulent transfer for momentum,
heat and water vapor

2, Dynamic roughness parameter

Ri Richardson Number

L Monin Oboukhov length

W Optical thickness

w Modified optical thickness (defined in the
text)

€ Global emissivity
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THEORETICAL STUDY OF THE INTERACTION BETWEEN
RADIATIVE TRANSFER AND TURBULENT EXCHANGE IN
THE LOWER LAYERS OF THE ATMOSPHERE

Bernard Seguin

INTRODUCTION

Even though it only represents a small part of the earth's
atmosphere, the surface layer is of particular interest. DMost-
physical and biological processes which support all animal and
vegetable life at the surface of the earth in effect depend
directly on phenomena which characterize the lower layers of the
atmosphere. Also, disciplines so different such as oceanography,
agronomy, hydrology, atmospheric pollution studies, etc. are of
fundamental interest in this region. In contrast with meteorology,
which deals with the entire atmosphere, we can speak of micro-

meteorology for the surface layer.

This surface layer represents a particular subdivision of the
planetary boundary layer. As 1s known, it is the region of the
atmosphere which is affected by friction caused by the earth's
surface. It is also the region in which the wind direction differs
from the geostrophic wind. The surface layer corresponds to the
first tens of meters of the atmosphere. This region depends
directly on the adjacent surface below 1t. The wind direction is

¥Numbers in the margin indicate pagination in forelgn text.
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essentially uniform. It is useful to consider transforms of
momentum, heat and mass as being constant along the vertical

direction.

It is sometimes assumed that turbulent phenomena can be con-
sidered as being statistically stationary for a scale on the
order of twenty minutes.

On the micrometeorology scale, the atmospheric motions are
essentially turbulent and the turbulence has a great influence on
all the phenomena. Thus the momentum, heat and mass fluxes, the
intensitles of which are determined at any time by the energy
equilibrium established at the surface, are turbulent fluxes.

The determination of the level of these fluxes is one of the
main objectives of studies carried on in micrometeorology.

The direct measurement of these quantities from recording of
fluctuations of various quantities has the advantage of not
making use of any hypotheses. Nevertheless, it/encounters experi-
mental difficulties. Also, usually indirect measurements are
preferred which use average values of the corresponding quantities.
Semi-empirical theories are used and involve the notion of the
turbulent transfer coefficient. The accuracy obtained essentially
depends on the degree to which the various hypotheses used-are
valid. These are treated in a special study which make it possible
to define the experimental conditions which must be maintained in
order to minimize the errors which are introduced. /2
One of the hypotheses used in general is that the radiation
heat flux remains approximately constant through the surface
layer and consequently does not interfere with the turbulent heat
flux which can then be calculated independently. Even though
this hypothesis is explicitly or implicitly assumed in most work
on the turbulent structure of the surface layer, it nevertheless

2



has Dbeen seriouslyplaoeqin doubt in recent studies.

The work which we will present here attempts to estimate the
variations in radiation transfer through the surface layer of the
atmosphere. We will estimate their effects on the distribution
of turbulent heat fluxes in this region.

The present paper has the following plan:

- After recapitulating various simplifying hypotheses which
lead to assuming that the vertical turbulent fluxes are
conserved (Chapter I), the method of determining these fluxes
by semi-empirical theories is treated (Chapter II). We
will stress the hypothesis which involves the radiation
transfer, and/the steps to control it are presented: the
radiation transfer is initially assumed to be constant and
then its vertical distribution is calculated from theoreti-
cal temperature and humidity profiles which result. This
makes it possible to determine whether the initial hypothe-
sis is valid or not (Chapter III). The theoretical
temperature and humidity profiles are S%Udied first of
all (Chapter IV). Then the method of determining the
divergence of the radiation flux from these profiles 1is
presented (Chapter V). The details of the numerical cal-
culations as well as their results are given (Chapter VI).
An analytic method makes it possible to rapidly estimate the
radiation transfer effects (Chapter VII). The general
conclusions are finally given in (Chapter VIII).*¥

¥This paper was done within the more general framework of
atmospheric-ocean interaction studies carried out at the I.M.S.T.
Only the particular case of the ocean was considered in numerical
applications. The results would be applicable to an arbitrary
natural surface.



I. THE CLASSICAL THEORY AND NOTION OF "CONSTANT FLUX LAYER" /3

The theory of the turbulent surface layer of the atmosphere
has been discussed in Qg@erous works of which we would 1like to
mention Sutton (1953), Priestley (1959), Lumley and Panofsky (1964),
Monin and Yaglom (1966), Munn (1966), Zilitinkevitch (1970).

In the particular case of the ocean-atmosphere interface,
the basic equations are presented and discussed in the article of

Coantic (1969) which inspired the following paragraphs.

1l,ﬁ)Simplified equations applicable to the atmosphere

surface layer

The averaged equations applicable to the surface layer are
established using the general statistical equations of atmosphere
mechanics. The particular properties of the region under consi-

deration will be taken into account:

- The variations and fluctuations of the specific mass are
sufficiently small so that they do not influence either
the definition of the macroscopic quantities (Favre 1965)
nor the form of the averaged equations which follow.

- The effects of Coriolis forces can be assumed to be negli-
gible. The interaction phenomena are then two dimensional

on the average.

- These phenomena have a boundary layer character: the
variation of the various variables 1s much more rapid along
the vertical direction thanh along the direction of motion.



The following simplifications result:

V=0
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The equations which control the turbulent transfers of

(1)

(2)

(3)

momentum, water vapor and enthalpy in the lower layers of the

atmosphere are then written as:
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and the equation of continuity takes on the simple form

20 T .
—P" + E—W- = 0
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(4)

(5)

(6)

(7)

The simplifications introduced up to the present are generally

valid. However, the system consisting of equations (4), (5), (6)



and (7) is too complex to be easily solved. It can be simplified
using additional hypotheses and of course there will be loss of

generality.

12, Hypothesis of horizontal homogeneity

The pfocesses studied are assumed to occur over horizontal
ranges which are sufficiently large so that the phenomena can be
considered to be "completely developed".  In other words the
averaged derivatives along the direction Ox can be completely

ignored

In the case of the earth's surface, this hypothesls is some-
times open to question because of the existence of various
heterogeneous features of various types. Numerous studies,
theoretical as well as experimental, have been carried out recent-
ly on the subject. They make it possible to delimit the range of
validity of the preceding hypothesis or the minimal horizontal
distance in the wind direction from a heterogeneous region and
for a given observation height (see for example Elliott 1958,

Dyer 1963, Rider, Philip and Bradley 1963, PanofSky and Townsend
1964, Peterson 1969 etc...). In the particular case of the

ocean, if we exclude coastal regions and contact regions of

marine currents having different thermal properties, this hypothe-
sis can be used much more extensively, because of the homogeneous
nature of the ocean surface. /5

The advection terms in the first term of the preceding
equations can then be ignored and the system 1s reduced to
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13. ' Steady state hypothesis

Even though the question is still beilng discussed today, it
is generally assumed that the spectrum of dynamic turbulence in
the atmospheric surface layer is separated into two distinct parts
by a spectral gap which extends from a few tens of minutes to
several hours (see;ffﬁﬂexample?ﬁdﬁiéﬂand Panofsky 1964, Panofsky
1969). These phenomena can consequently be considered as statis-
tically steady over a time interval which varies from five to
thirty minutes, depending on atmospheric conditions. Also,
except for transition periods (such as during the rising and
setting of the sun or when clouds pass by} the fundamental calori-
metric input produced by the sun's radiation varies little, and
the energy equilibrium can be considered as being established.

We can therefore write:

D g\
t(’q" © \ S (12)



and the system of equations becomes
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The total momentum flux t, the water vapor flux J and the
enthalpy flux S + R , are then constant along the vertical
direction.

Over almost all of the surface layer the transfer by molecular
diffusion can be ignored with respect to the turbulent transport,
and we can therefore write

T=puw=0 - - (16)
—
- _ =3

T = Fw=1o (17)

S +R =5y +Rg | with S:?CPET\;I". (18)



14. Hypothesis regarding the conservation of radiation flux

The validity of the hypotheses which we have mentioned can
be checked in each particular case, as we have seen. For example
it is sufficient to verify that the selected space and time regions

have been appropriately selected.

The system of equations (16), (17), (18) is then strictly
valid. There are no turbulent quantities involved except for the
radiation flux R, which has a different fundamental nature and
cannot be determined using the same methods. In a general way,
more or less implicitly, this radiation flux 1s assumed to be
constant over the thickness of the surface layer. This hypothesis,
which is justified because of the small atmospheric thickness
(a few tens of meters) considered, as well as the high transparency
of humid air, seems to be corroborated by the agreement between
the theoretical positions and the experimental results which are

most often observed.

It follows that the turbulent fluxes of momentum, water vapor,
and enthalpy are in general consldered as constants along the
vertical direction

T -G | (16)
3‘ = Tc
(17)
SaS$S
(]
(18)



This is why the surface layer is often called the "constant
flux layer". Al

IT. SEMI-EMPIRICAL RELATIONSHIPS BETWEEN THE PROFILES AND
THE FLUXES

21. Methods of determining the turbulent fluxes

There are numerous. such methods which use various techniques
(see Readings, et/al/1969). Only two of them use the properties
of turbulent flows. We will not mention the others here without

evaluating their correctness.

In a general way, if }q is any one of the properties related
to mass, the turbulent flux corresponding to it is of the form

$l) - g V¥ -

Its value cana%hus be obtained by simultaneously recording
instantaneous fluctuations of the property_;ifand the vertical
component w at an arbitrary height z. The problem is essentially
an experimental one connected with accuracy, response time and
space definition of the transducers. The measurement of Reynolds
stresses by this procedure i1s a classical one. The measurement
of the heat flux is relatively well known (Businger et 5111967).
On the other hand, the determination of the water vapor flux
(such as the carbon dioxide flux) is a delicate problem because
of the difficulty of measuring humidity fluctuations (Dyer and
Maher 1965, Miyake and Mac Bean 1970, Leducqg 1970).

In spite of progress made in this direction, the required
instruments are complex and expensive and are relatively delicate]
which limits their use at the present time. This explains the
10



development of other methods which require the introduction of
additional hypotheses but which can be used in a relatively
simple way. The fluxes are simply related to the vertical
profiles of the average values of the corresponding properties
by means of the turbulent transfer coefficients. These coeffi-
clents, defined in analogy to the molecule transfer coefficients,
are determined in part by theoretical considerations and in part
by empirical extensions which are the results of experimental
data. This explains the name semi-empirical given to the method

in question.

22. Expression for the turbulent transfer coefficients

The various coefficients are defined as /8

(20)

ook Z

oz (21)

S =-¢Cpk, 2F

(22)

ﬂhe averaged values are obtained over conveniently selected time
1ntervals (see paragraph 13).

N
kM, kH and kE are turbulent transfer coefficients for the
momentum, heat and water vapor, respectively, and we will‘briefly

11



recall the presently used expressions.

In the first approximation, we consider the case of adiabatic
conditions. The gravity forces, or if we prefer, the effects of
thermal stratification, are then negligiblé (in the surface layer,
the adiabatic conditions are essentially equivalent to the thermal
neutrality conditions defined by * 0).

The situation is analogous to the situation encountered in the
laboratory in the internal part of the boundary layer over a
rough plate. A logarithmic velocity distribution in the vertical
direction results which is identical to the classical "wall law".

Ku = -ku,#z. => 24 Hx | and, by integration (23)
' 2z ._le
iz =z 2% o &=
=) & 37 (k)

Z5 is an integration constant called the roughness parameter
which translates the overall dynamic effects which are the result
of the nature, height and spatial distribution of the surface

uneveness.

Under adiabatic conditions, the various turbulent transfer
processes depend only on the dynamic process: the various
prdperties are transported in a passive way. In general it is
assumed that the transfer coefficients are related by the simple

relationships Kn _ q(or ond Ke _ cxo
—— 2 H -_— = €
KM ' KM 7

¥Translator's note: Figures missing in foreign text.
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where F(ﬁ and are the inverses of the "turbulent Prandtl and /9

Schmidt numbers".

In analogy with the friction velocity ug, we can define a
reference temperature 04 and a reference humidity Fg such that

Fo=ans T (D)
PRux

e*':.-__§——_

' pCpkux (26)

The temperature and humidity profiles are then written in the
form (Zilitinkevitch 1970, Monin 1970)

o= Onlg (27)
6lz) - 0o = =2 Ly Z-4 36,

F‘(Z.) -—Fo = F’: L9SZ£ +S-Fo
; , . e (28)

the quantities S'Go\l and SFO\ translate the deviation which exists
and those of other turbulent transfers, onthe other hand, near|the
surface when it 1is very rough. Stated differently, the roughness
parameter 245 which is defined with a dynamic process, is not
neceSsarily identical to those which could be defined for other

13



transfer processes.

In effect, in the surface layer, the thermal neutrality
conditions are rare. The temperature gradient is in general
over-adiabatic during the day and there is inversion at night.
Also, in the general case, the gravity force effects affect the
structure of turbulent flow. The now classical works of Monin
and Obukhov (again published by Monin and Yaglom 1966) made it
possible to perform a strict analysis of the surface layer 1in the
general case. Without going into details, we would like to state
that these authors defined three external parameters in which any
internal variable of the surface layer can be determined: these

are the quantities uy, Z and L.

L is the Monin-Obukhov length. The expression for it is the
following and 1s established by similitude laws

. ) 3 CoB
T = - Yx©-p° (29)
kg8

zl
A
characteristic for the state of stability of the atmosphere at

The non-dimensional ratio is a varilable which is /10

a given level. It is substituted for the more classical Richardson
number, Ri, to which it can be related.

We can write

A& —

U—: g;l‘ --C-FM (21:) (30)
z 26 _

_é; 5:2 —4)“ (%) (31)
z of _  >

—F; 2z _CFE(Z‘:) (32)
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This system 1s equivalent to the following system for the
turbulent transfer coefficients

| — Ru,z
Knw = —5= (33)
b2 -
k - ’&U*Z »
: be (_z_') (34)
L .

= (35)
CPE (E%J

In the particular case of adiabatic conditions, which we
considered previously, L‘->°°\ and —E— -—_> O}

This makes it possible to determine the following conditions
for the functions ¢ m ¢H‘ and Qe

Gu (0) = 4 (36)
bu (o) = j(: (37)
1
be kO)é “e (38)
The functions ¢y, dyl and de|could only be determined /11

theoretically up to the present.

15



Their variations as a function of the paramgggﬂ f/p@p only;ég

—_—————

established from experimental results.

By adopting a semi-empirical relationship for each of the
functions 43‘»\ ’CP.HJ and q)g\, it becomes possible to directly
determine the fluxes from the vertical profiles of the correspond-
ing averaged quantities. This method is now used. Except for
experimental problems, 1ts accuracy depends essentially on the
validity of the semi-empirical relationships used. Therefore
it can be understood why the possible vertical variation - of the
radiation flux is of interest, not only during measurement
taking but also when the micrometeorological measurements are

interpreted.

Note: An extension to the definitlion of the Monin-Obukhov
length must be made when the evaporation flux is large, in order
to take into account the gravity effects which are the result
of humidity gradients. The effects of stratification only appear
as correction terms as we will see in the following. We did not
take into account this generalization. /12

ITI. PROBLEMS CAUSED BY THE VARIATION OF THE RADIATION FLUX
AND THE METHOD PROPOSED FOR AVOIDING THEM.

31. General consideratlons on the radiation transfer in the

.atmospheric surface layer

As we have seen, the hypothesis of conservation of the verti-
cal radiation flux is a basic hypothesis of the classical theory
of turbulent transfers in the vicinity of the surface. The lower
layers of the atmosphere constitute an absorbing medium for long
wavelengths, because of the presence of relatively large concen-
trations of water vapor and carbon dioxide. The presence of
temperature gradients brings about a certain variation in the long

16



wavelength radiation flux. The determination of such effects

is done in a classical way in meteorology (atmosphere thickness
on the order of 500 m). A sufficient accuracy has been obtained
by using diagrams (Elsasser, Kew, Yamamoto, et°°-°);ﬂ,£f,is more
delicate in the region of the surface layer because of the small
thicknesses considered. We were able to collect a certain number
of papers on this question and we would like to mention the follow-
ing: Brooks D. L. (1950), Deacon (1950), Robinson (1950), Yama-
moto and Kondo (1959), Funk (1960), Funk (1961), Laikhimann et al
(1961), Gaevskaya et al (1963), Elliott (1964), Godson (1965),
Hamilton (1965), Kondratiev2(1965), Adunkowski and Johnson (1965),
Atwater (1966), Lieske and Stroschein (1966), Seo et all(1968),
Hingpeter and Heinrich (1969), Faraponova (1969). '

Based on these numerous papers, one could think that this
problem had already been sufficiently studied. In reality, the
large majority of the studies mentioned approached the question
from a different angle, because an attempt is made to predict the
variation of a non-steady thermal regime from certain experimental
data.

In effect, within the surface layer assumed to be homogeneous

in the horizontal direction, the equation which governs the
turbulent enthalpy transfer can be written as

2 (e48) =- 2 rug)

where &)C—? _D-é_% = - %L;.{.%__C;} (39) (39)

In the general case of non-steady conditions, the heating
and cooling rate of the lower layers results in the combination
of the divergences of the radiation and turbulent fluxes.

17



As far as the nocturnal cooling is concerned, the prediction /13
of which is extremely important for economic reasons (prevention
of ice, fog, etc.) and which is in general associated with small
turbulent convections, 7;— can be considered negligible with

respect to 2R . We then have
>z

oC

o/loz
rlo

~_2R
= - (40)

The nocturnal cooling rate is therefore directly proportional
to the radiation flux divergence and this is one of the reasons
for the relatively large number of papers devoted to this question.

For the non-steady regime, the vertical variation of the
turbulent flux can be derived experimentally from the equation
(39), if ENQW is determined and iae\ is measured. Robinson (1950),
Funk (1960), Elliott (1964) also compared the true cooling 28

A 2R 2
to the radiation cooling -§EP%;2- . The difference corresponds

to the term éi%gi\

We can therefore see that there are various ways of consider-
jpg the problem. For our part, we proceed as follows: our goal

18 to verify the validity of the hypothesis made regarding the

radiation transfer within the framework of the classical method
of determining the turbulent fluxes. We}lrdtherefore led to
assume that a steady regime exists. (%S:o)will then have the

!
property that 25
2z .
2£--5 ()

It is then clear that the method of determining the divergence
of the radiation flux can be used in the non-steady regime.
Consequently the numerical values obtained can be compared with

18



those obtained by various authors which we mentioned.

32. Influence of the variation of the long wavelength

radiation flux on the quantities defined in the

constant flux surface layer

For a long time, in the study of turbulent transfer near
the surface, it has been assumed that the divergence of the
radiation flux could be considered negligible because of the
small atmospheric thickness under consideration. This opinion
was confirmed by the conclusions of Robinson (1950) who, according
to experimental results, was led to believe that 3%%& was negligible
except possibly below 1 m. Neverthelessijwashould note that the
quantity considered in general was the relative variation of the
radiation flux proper. This quantity is effectively very small.
However, for the problem with which we are dealing, this is not
the quantity we are concerned about. Instead we are concerned
with the divergence of the radiation flux relative to the turbu-
lent heat flux. - /14

In effect equation (17) can be written as
S(z) = Se+Ro-R(z) (42) (42)

where S (Z) = So [4 - ﬂgﬂﬂ with R (Z) - Ro = (%R-) d=
: o z
. Ze

It is therefore clear that the turbulent flux §(z) cannot
be considered as a constant and equal to S except to the extent
that vgotgg)dZﬂ is negligible with respect to SO A small rela-
tive variation in the radiation flux —iﬁrfbl can lead to a
value of fﬂﬂ___ whlch is not negligible with respect to 1 if S
is small w1th respect to R It i1s therefore necessary to 31mul—
taneously know the quantltles which characterize the rédiation

19



transfer on the one hand, and/the turbulent transfer on the other
hand. This justifies the interaction term which we have used in
this section.

Under the conditions under discussion, the variation in the
radiation flux R brings about a variation in the turbulent flux
S, which then is assumed to be constant and equal to Sg. Thus
an erroneous estimation of the flux F results when it is determined,

if the temperature gradient and the coefficient k,, are known.

H
Inversely, an erroneous estimation of kH results when it is derived
from measurements of the flux and of the gradient. 1In effect,

strictly speaking kH is defined

S(z)= - E‘C'F ki 28 (43)

oz

If S is assumed to be constant, in reality we determine a

global coefficient k such that

Ho

(4h)

S,_, z - ?C'F kn.%% '

We can see that the relative error of kH is equal to that

of S.
2
K<w - ) _ i _Jze(.bz)dz
K“O So SO
The ratio £ is used jointly for determining the relation-

ship 4%(%% » Which introduces an error due to the influence of
radiation transfer.
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A certain number of authors have for a long time indicated /15
the possibility of radiation transfer (Priestley 1959, Mac Vehil
1964, Lumley and Panofsky 1964, Godson 1965, Webb 1970, Oke 1970).

Certain authors based their calculations on experimentally
determined profiles and detected this effect in certain particular

micrometeorological situations.

For the case which he studied, Elliott (1964) calculated a
variation of 14% in the turbulent flux, even though the wind
velocity was quite high (7 to 8 m/s). He also adds:

"However, much stronger inversions than the ones on which these
computations are based are frequently found. These stronger
inversions would lead to larger radiative cooling rates and
quite likely to eddy flux divergences which could not be ig-

nored in considering such low-level phenomena as fog-forma-

tion".

Also, Kraus, referenced by Munn (1966), studied three parti-
cular cases for which he found a variation of 2%, 7% and 50%,

respectively.
All these observations led Munn (1966) to write:

"The observed temperature structure in the boundary layer is
the integrated result of turbulent mixing and radiative trans-

fer. One of the unsolved problems of micrometeorology is the
determination of the relative importance of the two components".
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33. Description of the method utilized for quantitatively
estimating the influence of radiation transfer

The influence of radiation transfer seems to not have yet
been studied in the most general case, where the various parameters
are not determined numerically in advance and can take on arbitrary
values corresponding to any micrometeorological situation. This
global study has two advantages:

- on the one hand, the influence of the various parameters
can be shown analytically, which makes it possible to
better evaluate the relative importance of the various

processes.

- on the other hand, generally valid equations could be then
applied to each particular case. For each determination
of the flux or of the turbulent transfer coefficient,
an approximate evaluation of the error introduced by
ignoring the radiation transfer can be obtained relatively
easily. This evaluation seems to be necessary at the
present time, as the studies on turbulent transfer
mode recently by Webb (1970) and Oke (1970) have shown|
These two authors deplore the absence or inaccuracy of

/16

methods which would make it possible to evaluate the influendle]|

of the radiation transfer during their experiments.

We are therefore forced to carry out a general study. It is
pased on the following scheme which was conceived by M. Coantic
and which we personally developed while collaborating with him.

) As generally assumed (and this is the point which we want to
verify), the surface layer is first assumed to be a "constant
flux layer" and the radiation flux variation is assumed to be

negligible. According to hypothesis, the turbulent flux S is then
constant.
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It is then possible to establish theoretical temperature and
humidity profiles, if the fundamental parameters are given from
the beginning and if the usual semi-empirical relationships are
adopted. This method of calculation, which is a completely
classical one, is only valid if S is effectively constant. From
the temperature and humidity profiles it is possible to calculate
the divergence of the radiation flux. By integration its variation
over the surface can be calculated. It is assumed that steady
conditions prevail. The total enthalpy flux must then remain
effectively constant and the absolute value of the variation
obtained is equal to the variation of the turbulent flux S. Thus
S was assumed to be constant. If the variation given by the
calculation is small, i.e. on the order of magnitude of the errors
usually made in micrometeorology (on the order of 10%), the initial
hypothesis will remain approximately valid. On the other hand,
if the variation which results is higher, the hypothesis is in-
validated by the conclusions; the error introduced by removing
the influence of the radiation transfer cannot be considered as
negligible. The temperature and humidity profiles are different
from the ones which we used. The general solution of the problem éll

then requires recourse to a method of succesive approximations.

The study then consists of two main parts:

1. Establishment of theoretical temperature and humidity
profiles in a constant flux layer

2. Calculation of the divergence and variation of the long
wavelength radiation flux.
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IV. DETERMINATION OF THE VERTICAL DISTRIBUTION OF TEMPERATURE /18

AND HUMIDITY FOR THE HYPOTHESIS OF A CONSTANT FLUX
LAYER

41. Parameters and relationships required for defining the

profiles

The various transfer modes all depend directly on the dynamic
process. The determination of the velocity profiles i1s indispen-
sible for defining the vertical temperature and humidity profiles.

In the constant flux layer it is known that the dynamic
process is defined by specifying three fundamental parameters
ug, %z, and L (Lumley and Panofsky 1964).

In the particular case of the ocean, and for the problem
which we are treating here, it is generally assumed that the
roughness of the interface is determined by the value of the
friction velocity uy (the statistical characteristics of the
waves are assumed to be determined by the local wind velocity
as the first approximation).

z, 1s then a function of uy which we will now examine. The

number of fundamental parameters is reduced to two: wuy and L.

411. The method of calculating the velocity profile is then

as folrowsj

F (3) h ou ha z. Y
rom we} ave 52 " iz 4)&'\( L) (45)
by integration, ‘U (Z): —ff j %ﬂ dz + C.’r&\ (46)
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At the interface, by definition of gz, u(z)__>DJ when
A =
Thus - : | (47)
Ts. G(2) = _'.:Aj Pu 42
z

The velocity profile is thus completely determined by
. L
specifying the pair uy, L if the functions zj (ug) and 4>M(tj

are known.

412, As far as the thermal process is concerned, equation
(31) makes it possible to write

%—S-—-—tez Pr (-Zﬁ) (48)

or by integration e(z) = O, jép,_.(.zi) dz + c"é.
. - ,

The interface equation can be written as (see paragraph 22)

© Kz) —> 60*6'90" when Z —> Zo

which leads to the expression for the temperature profile

ekz.) - B = §e°+6ﬁr.‘£1 d (49)
. . |

It is therefore determined from the velocity profile by
specifying anjiéojgbﬂkfi“ and ©4 . In reality, the parameter

04 1s already known. In effect, 044 1is defined by the relation-

: . g _
ship (26) 'e"“"@—u%/. According to the definition of the

Monin-Obukhov length 'TRE%“E%&J . Except for very pronounced
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advection conditions, which are then eliminated according to
hypothesis in our study, the natural exchange mechanism only
results in moderate temperature gradients in the surface layer.
0 can be replaced by eo as an approximation to within 1%. We
then have
q - Ll.y:5 e‘o
eCe | &gt (50)

By combining (26) and (48), we can then obtain 04:

, 2 |
B, = Ux Oo SN 20
® 4T

04 1s then determined if ug, L and 9, are known.

Thus, for the thermal process, the velocity profile is
assumed to be known and the determination of the temperature
profile requires that the quantities ~9° , 38| and the function

‘¢H(%M be specified.

413. Finally, the evaportibduprocess 1s defined in a

analogous way. According to (32) in effect we have

—

z ' y
2) - fo =2F F«j %’5 dz (53)
Zo

F_ (%) " (52)

T &\qy

AN

or

with the condition at the interface F({)_aﬁﬁgiwhen z—2 | .
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But Fy is simply related to 04 by the Bowen ratio

B=_5S_ (54)
23

In effect, by definition

(25)
Fuzo3 | )
Pksu* ) (26)
Ox = - , :
or s = Cp S . L. (55)
O x S BB
| g
which results in F,g = C‘? U:fo‘
LB K qls

The humidity profile is therefore determined if the velocity
. . . r Z
and temperature profiles are known by spe01fy1ng.ro,.Erro,ch:(t)]

and the Bowen ratio.

In conclusion, the various profiles can be completely

calculated in any case if the quantities Tu, L, B °"geo' Fo g‘r’o\
and B are specified and if the semi-empirical relationships

fo(w),‘#’u({‘\) 7:¢H(.7=L_)\and l4>r-:(-7{'_)\ are known. We will now examine
these various details.

42, The roughness parameters on the surface of the ocean /21

Because the dynamic process is predominant, it is necessary

fiprst of all to define the dynamic roughness parameter Zo' This
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parameter, which is an integration constant which results from
extrapolating the velocity profile, is a function of shape, height
and spacing of obstacles which make up the roughness in the case
where the surface is fixed. 1In the case of the ocean, the surface
is deformable under the action of the wind, which leads to the
development of waves. The waves have variable shapes and speeds

in time and space. This brings about extremely complex dynamic
effects which are not well known. In order to apply semi-empiri-
cal theories of atmospheric turbulence, it is generally assumed
that these effects can be translated by means of the parameter

2 which only depends on the local dynamic interaction, represented
by the friction velocity ug. All the information for this rough-
ness parameter }5' of an experimental nature. The first experi-
ments were carrled out in the ocean, but it seems very difficult
to interpret the results, as Figure 1 shows, taken from the

book of Roll (1965).

The research carried out in the wind tunnel (Hidy and Plate
1967, Shemdin 1967, Karaki and Hsu 1968, Wu 1968 and 1969, etc...)
made it possible to better understand this phenomenon. In the
development of the various waves which influence the dynamic
roughness of the ocean surface, therelis not only the local tur-
bulent stress caused by the wind and translated by the quantity
ug, but there is also the "fetch" X ("fetch" is a nautical term
which designates the surface traversed by the wind.. Thus in the
case of the ocean, the distance to the shore or the origin of
the perturbation). For the same wind velocity, the wind dimention
increases with X (Figure 2). When X i1s small, uy also varies as
a function of X; becauseof the proximity of the "attack band"
there is a complex variation of Z, @s a function of X (Figure 3).

In the present study, the flow is assumed to be completely
developed and the role of "fetch" can be completely eliminated
according to hypothesis. It will therefore be necessary, in order
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to extend the results obtained in the wind tunnel to the problem
which we are considering, to isolate the only variation of z, as
a function of uy for a fetch assumed to be infinite (in fact, a

fetch on the order of 10 km seems to be sufficient).

For X g;y§gJ two different flow regimes are observed
corresponding to the wave dimensions which make up the roughness.
For small uy, the average heights of roughness are small and the
flow regime corresponds to the "hydraulically smooth" regime. Z,
is then connected with the thickness of the viscous sublayer and

has the form Zo = 0-{ik(Monin 1970). For higher uy values, the
regime tends to become "hydraulically rough" after a transition
region. Charnock established a theoretical relationship of the

form Ze=b %ﬁﬂ . b depends on the value of the fetch according

to the previous developments.

Overall this scheme has been confirmed by experimental /22
results Hidy and Plate and Shemdin (Figures 4 and 5).

We should like to state that these authors obtained a limited
"fetch" on the order of magnitude of the wind tunnel length.

The extension to a practically infinite "fetch" corresponding
to the case of completely developed flow over the surface of the
ocean was done by Wu (1969) (Figures 6 and 7). The results ob-
tained are in agreement with the qualitative model which resulted
from the wind tunnel studies and were the results of various

observations.¥

¥This agreement is different from the dispersion found by
Roll. TFirst of all thée results collected by Roll are much older
than those considered by Wu. Also the measurement accuracy has
been considerably increased. The theories for the velocity pro-
file shapes has advanced. In particular, the error associated with
thermal stratification has been eliminated. (Continued on next page)
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We therefore utilized the numerical values of zO from

fFigure 7.

For thermal and mass exchange processes the terms éﬂé;\and
Eﬁé translate the deviation which occurs close to the rough
surface between the mechanical energy and the various other trans-
fers. Various recent studies (Barry 1965, Chamberlain 1968, Cowan
1968, Thom 1968, Zilitinkevitch 1970) have shown that the terms
could be correlated with the "roughness Reynolds number"'2§§ﬂ p

SG% and.'SF% are increasing functions of the "macroviscosity"

Uy 2, defined by Sutton (1953). Consequently they must not be
considered except for very rough surfaces, as Chamberlain (1968)

showed in experiments.

The small values of the roughness parameter z for the ocean
surface then leads to negligible values of Sfﬁ and E;FJ and we

therefore write

90, = 5F, = o"

/23
43. Determination of the surface temperature and humidity

and the Bowen ratio.

It would first seem illogical to regroup the surface humidity
and the Bowen ratio. These quantities have a common feature
which is important for a study: strictly speaking, they cannot
pe considered as given gquantities of the problem but instead

#(Continued from preceding page) Finally, the role of the "fetch",
which could be great for measurements near the coasts, has been
considered as we showed. These various reasons .lead us to believe
that the measurement dispersions observed by Roll are due not to
the phenomenon itself but to inaccuracies in the experimental
determinations of Z and to the very different fetch effects.
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must be considered as results.

As we stressed in the introduction, the distribution of
energy between the various fluxes results in an equilibrium which
is established at any time at the level of the surface because
of the action of the heat input from the solar radiation.

Depending on the boundary conditions, in the air and also
in the water, (wind velocity, air, temperature and humidity above
the internal boundary layer, water temperature with depth) and
the solar radiation absorption mechanism in the water, the system
leads to a unique solution and the quantities Uy L,ebo.fg]and
B as well as S and J are the results. The rigorous solution of
the problem requires the complete solution of the system. We will
consider the first part as being solved and will adopt plausible

values of these parameters.

Among these, three are independently specified: ug; L and

We will assume that FO, the surface humidity, is the saturating
humidity of sweet water at temperature eo and is therefore com-
pletely determined by specifying this parameter. Fo also depends
on the radius of curvature of the surface and the salinity of the
water; alsoa surface film and molecular scale effect can have an
influence. However, in the first approximation, the influence

of these factors can be considered to be negligible.

The Bowen ratio B is more difficult to specify. It is not
completely independent of the other parameters. Below the ocean
its sign is generally determined by the sign of the heat flux S.
The flux J is almost always directed upward (evaporation takes
place). J is therefore positive except in an inversion situation.

S is 2;0} in an inversion situation. S is >[ﬂ under
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over-adiabatic conditions. Thus B = st has the sign of S or
the sign opposite to that of L. : '

We could then consider specifying various arbitrary values
of B, which would be positive for L < 0] and negative for . > 0 .
B would then be an additional variable, comparable with uyg, L and
eo. But the number of possible combinations between these various
variables then becomes very large. We preferred utilizing the
values obtained by Gordon and reported by-Roll (1965) (page 25L4)
where B was experimentally correlated with the temperature
difference between the air and the surface. Even though there is
no experimental justification for this correlation, we made use of
it in this study in order to simplif& our analysis. /24

44, Discussion of the semi-empirical relationships

and Pety

This section alone could be the topic of a paper which
would be as important as this entire paper. But this is not our
purpose and we will give an outline of the problem and specify

the expressions which we use.

First of all it should be stated that,tndadapting a semi-
empirical relationship of any kind, this does not fundamentally
modify the significance of our results. As we will see in the
following, to first order, the stratification effect 1s negligible
and the adiabatic approximation %, =, =<PE =?‘is sufficient |

The form of the semi-empirical relationships does not enter except

as correction factors.

The semi-empirical relationships 4&1,L¢)H’ and ¢3é|translate
‘the influence of the thermal stratification to mechanical energy
transfers, heat transfer, and mass transfer, respectively. The
use of similitude relationshipsﬁéﬁéﬂuse of the Monin-Obukhov
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length L. It became possible to replace the empirical relation-
ships formally based on the Richardson number Ri [Jsee for example
Deacon (1948)] by more satisfactery theoretical expressions.
Since the study of Monin and Obukhov date from 1954, these are
rather recent papers. It seems that a coherent theory is develop-
ing and we will now outline it.

ﬂﬂl; We will start by studying the relationship (h4(\ de-
fined by the equation (30)

kui g: - (PM (%)

For adiabatic conditions (see paragraph 22), i.e.

r-—>0 '¢hy—e4 Monin and Obukhov considered the Taylor seriles

development of the function ¢M

tulB)=d e B EFY -

For small 'f‘they limited themselves to the first term and

4}4(35w = A+ %E o

they wrote

(56)

By integration we find the "log-linear law" which is well known

U(zj U l_L°E\" +°(3C& l (57)

The problem then reduces to determining the constant a. The égé
value 0.6 first proposed by Monin and Obukhov was found to be
small afterwards. Among the various determinations we can mention
those of Deacon (1962), Panofsky, Blackadar and Mac Vehil (1962),
who found 4 - 4.5 and 6 for unstable conditions, respectively.

For stable conditions, Mac Vehil proposes the value 7. Also,
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Zilitinkevitch (1970) studied the various papers and gives an
average value for o close to 1 for unstable conditions and 9 for

stable conditions.

The dispersion in the obtained values can be understood be-
cause of- the experimental uncertainties associated with the length
L. In addition, the limitations in the expansion to the fifst
term does not seem valid except for small legég_ ofj ifl » which
seriously limits the range of application of the log-linear law.

In this case, the second order term comes into play and

obviously will prevent a correct determination of a.

This difficulty led a certain number of authors to find
formulas which were valid over a more extended range. Among these,

two are generally used.

The first formula carries the name KEYPS: (formed from the
initials of various authors which independently proposed it
Kazanski, Ellison, Yamamoto, Panofisky and Sellers). It can be
derived from the turbulent energy balance using a few simplifica-

" | 3
4DM» —'(3 %T??” =3{L

tions. It is written

(58)

u&z_) _ %:’ [«&(Y)— g\\(oﬂ

with g (Y) = 7 -1 Arc ‘\‘3 Y -4 Ar? 4’}\7' N

34



!
Y'b

AR}
1A

B is determined experimentally: a value close to 18 was obtained.

r4
For small 'd , the formula of KEYPS tends toward the /26
expression of Monin and Obukhov with pydc(/ , or cvz4Qﬂ .

Another formula was established by Swinbank (1964), who
considered a quantity X (which is in a certain sense a generaliza-
tion of z weighted by the thermal stratification effects) such

that the relationship JkX.?ﬁ3=‘éJ is always satisfied. The

production of global kinetic energy including the effect of

. . . . =T . 98 ' , .
‘Ar?hlmedes forces 1is writften as Z,§§;y?%e} . - Swinbank
! . 3 'a-—- . 3
postulates that this quantity 1s equal to <+, ai\ This

hypotheéis makes it possible to determine ¢M by eliminating X
between the two relationships. He obtains

-4

du = Z‘Lf {’i -*’-"F(*f‘:)} / (59)

which results in the following "exponential" velocity profile

TR §A -..-. Uy Lo .L(“P—L:~4)
U() .,k 9 =2

For small f E C*DM = A+ -é: Z 4 ﬁ-(%) +.:./

We again find the formula of Monin-Obukhov with < = 0,5
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These various forms can also be discussed theoretically. The

formula of Monin-Obukhov, if it seems valid in the range |¥|<od|,

is not strictly applicable outside of this interval. The two

other forms have a wider range of validity. However, the formula

of Swinbank is also based on intuition as well as a physical fact.
The formula of KEYPS uses a physical law which 1s better established,
but the approximations used are rather coarse ones. Experimental
verifications should be made to validate them. This comparison

was carried out by Bernstein (1966) and his results are given

in Figure 8. The formula of KEYPS seems to be best adapted as

other authors have also stated. However, none of the formulas

seems to have any advantage over any of the others.

In this study, the absolute value of -E does not exceed 1.
Under these conditions the formula of Monin-Obukhov with qéo,ﬂ
seems to be just as valid as the formula of Swinbank. The formula
of KEYPS seems to be slightly closer to the experimental results,
but the resulting velocity profile would be more complex. We

have adapted the simplest form, that of Monin-Obukhov.

442, For thermal processes <PH(%j is defined by equation /27
(34):
(bH(%): %ﬂﬁg&/ (6
Kn 0)

According to (33) we have

. huez
elE)= 522

(61)
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We then derive:

. Z\ — Z\ . K
brlz)=du(Z)x En (62)
Ky
ey
¢H is therefore derived from ¢M if the ratio  ;§'=C(H is

known. According to equation (62) it is a function of

The ratio fﬁ has been treated in many papers in addition to
the investigatidhs of the function ¢M' Various and sometimes
contradictory results have been obtained. This can be explained

by two factors:

1. The fact that the turbulent | fluxes t and S are simul-
taneously and strictly conserved in the vertical direc-
tion should be Verified by experiments. This would
require experimental conditions which would be hard to
find (see Chapter II). Also there is a problem of the
radiation flux influence which is what is being treated
in this paper.

2. The turbulenti flux S must be measured directly and
independently. Because of the development of a correla-
tion measurement, which has been relatively recently
developed and is not yet well known (Businger et a141967),
certain results were derived from the surface energy
balance. Often they have a considerable error.

k

In the unstable range F% increases with f’ and can reach

high values on the order of 3. The upper limit is 3.5 according

to Monin (1970). On the other hand, in the stable range, %ﬂ
M|
decreases and reaches values on the order of 0.5 - 0.6.
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The value of the ratio under adiabatic conditions is not
determined exactly. For a long time it was assumed that}xam4&!
Recent experimenhts (Zilitinkevitch 1970) give values on the order
of 1.3 which corresponds to a turbulent Prandtl number close to
0.7. We prefer to use the classical value 1.

5; ( )\is concerned, /28|

only a few relationships have been established. For unstable
.conditions, Swinbank (1969) proposed an empirical equation

As far as the exact form of the function

g%i._l? F40L7 which is the result of experiments, the quality

of which was not discussed, and which corresponds well with the
results obtained by other authors (Businger 1966, Record and| Cramer
1966, Charnock 1967, Cyer 1967, Swinbank and Dyer 1967, Deardorff
1968, Zilitinkevitch 1970). For stable conditions, only a few
measurements have been carried out (Record and Cramer 1966).

wind tunnel study performed by Cermak and Arya (1970) resulted in

the relationship kﬂ*-—og( ) o4 which corresponds well with obser-
KM L
’Vatlons of other authors.

Taking the continuity conditions into account for ‘f‘r_;UL

we therefore adqpted the following relationships for (see
Figure 9):
; _<ylf'
Z <—0,02 , 5_".‘ =3F (..Z._. (63)
L. <M ! L
-Oo K
z< < 0001 Fi'i (64)
z Ky z_o’i
= >0 XM _05 (=
= > ,.oo:L M_o,a (L) (65)
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As far as the temperature profiles are concerned, we obtailn

the following equations by integration of equation (48)

z Suyd A
= < -0,0% 9(2\:-@(002[_1‘%&,—’—‘(—‘1———‘—- (66)
‘- e G
_00L < Z ¢ 000L Bz)=0.+ 0, Log Z (67)
Z-‘C » 0,004  Blz)= B(0,001L)+20 e,{gé)"."(o,oo?)')' (68)

443, For the water vapor transfer 435(%§ is related to

‘CFM (EL:.)\ by means of the relationship

¥ (69)

The problem is identical to the one encountered in heat
transfer. The determination of the ratio %— is more delicate

y ‘
than determining the ratio Fﬂ because of the particular

difficulties associated with the exact measurement of humidity
and its fluctuations (Leducqg 1970). It has since been assumed
(Dyer 1967, Swinbank and Dyer 1967) that the heat and the water
vapor are transported in a manner which is analogous, at least

/29

to the first approximation, in any stability raﬁge. Consequently

we may assume the equation

¥Tpranslator's note: Equation (69) was not included in the
foreign text.
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Under these conditions, the temperature and humidity profiles
are connected by a proportionality relationship and may be

obtained

ﬂz:.— F.: JE&L Olz "eO 1)
le) - fo = = (6le) - Be) (7

45, Summary: Determination of the temperature and humidity

Erofiles

In conclusion we will specify at the beginning arbitirary
but plausible values of the fundamental variables uy, L and 0.

The roughness parameter ’zois derived from uyg according to
the empirical relationship of Wu (1969) (Figure 7).

If ug, L and 0, are known, 1t is possible to calculate
04 and consequently S =- PCr—pzu*S*lr . Then B (z) can be deter-
mined by formulas (66), (67) and (68).

The Bowen ratio is then calculated from the temperature
difference 9@_-QJ using the empirical relationship reported bﬂ
Roll (1965). The humidity profile is then obtained from (71)
and J is given by B -.2

LT

Thus from the three parameters ug, L and SR the theoretical
profiles of temperature and humidity are directly determined as
well as the quantities z,, B «, B, Fy, 5 and J.
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V. METHOD OF CALCULATION OF THE DIVERGENCE OF THE LONG
WAVELENGTH RADIATION FLUX IN THE LOWER LAYERS OF THE
ATMOSPHERE

51. Mechanism of the radiation flux divergence. Method of

calculation

If there are no liquid or solid particles (fogs, clouds, etc.)
the divergence of the longwave radiation flux 1s essentially
caused by the presence of water vapor and carbon dioxide. These
two gases have a spectrum which is characterized by considerable
absorption in the infrared range. Depending on the H20 and 002
content, each atmospheric layer absorbs a certain fraction of
the radiation which it receives.and radiates a certain energy,
depending on its temperature. For thick layers, this mechanism
can be assimilated into a conduction phenomenonaccording to
certain authors (Brunt 1939). On a scale considered here (between
the surface and 10 m), such a simplification cannot be used even

as a first approximation.

The evaluation of the radiation flux is primarily carried
out on the meteorological scale. Relatively simple methods which
allow routine determinations can be used: these are the diagrams
of Elsasser, Kew, Yamamoto, etc.. These methods are not adopted
for our studijbecause they apply to layers which have a thickness
of several hundred meters and are not satisfactory on the scale
of the surface layer. It is necessary to use the basic radiation
transfer equations, which were presented in a convenlent way
for this range by Bruinenberg (referenced by Kondratiev 1965).
This work was extended by Brooks (1950) and by Funk (1961) who
developed numerical methods for estimating the divergence of the
radiation flux in the immediate vicinity of the ground. The
method of Funk, more than the method of Brooks, has already been
used by several authors (Elliott 1964, Hamilton, 1965, Lieske and
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Troschein 1967) and seems to be the more satisfactory one for

the problems considered here. In order to correctly apply it,
the mechanism which it represents must be well known. A certain
number of precautions must be taken during the calculation. We
analysed this in great detail. The calculations necessary to
obtain results are long and complicated, gmﬂnumerical calculation
must be performed with a computer. This led Gaeuskaya et al,
(1963) to reject the methods of Brooks and Funk because theytwere
too complex. It seems that the phenomenon cannot be represented
adequately by simple calculations.

\
(WS)
|_.l

52. Method of Funk (1961)

We will follow the development of Funk as he presented it.
Let w be the optical thickness measured from the bottom (see
paragraph 53). o, r and s are subscripts which correspond to
valueﬁ of the variables on the surface at the reference level
zr»and at the top of the absorbing atmosphere, respectively.

Zg Ws =0
w
‘ ZZEZZf w+dw
N
Zp = - - — -~ - Wi

‘Wb

Lo ~—TTITITIIIIIII

The radiation flux directed downwards of the layer having
optical thickness W, extends from the top of the atmosphere down
to the level which is being studied Z., and which is received from
this level and is given by (Moller 1957)

Ry = jdv[ e)évw“ dw (72)

oW
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where B, (e)'is the emission intensity for the black body (Planck
function) at the frequency v, corresponding to the temperature ©.
'tvhu:- wﬁ is the spectral transmission of the layer between

W, and w at this frequency.

Ty is a function not only of the optical thickness but also
of the temperature and pressure. HZO is the principal] absorber
here (Brooks 1950, Funk 1961). The optical thickness of the water
vapor will be substituted for the global optical thickness. The
possible effects of CO2 could be approximately taken into account

with certain corrections.

For an isothermal layer, the emissivity e 1s defined as the
ratio of the total radiation flux emitted through one of its
boundaries to that which would be emitted if it could be considered

as a black body.

According to the Kirchoff law

od

l‘. . - —

E(wr-w)§0*= [ T3, 0)[4-T, (w-]

( _ B[ A= Ty [y (73)

C 0 -

e is a function of the same quantities as ¥ v
In the micrometeorological range, the pressure is practically/32

constant. Also it is possible to ignore the variation of e with

temperature because the deviations are so small, as Deacon (1950)

had assumed and as Staley and Jurica (1970) have verified. e then

only depends on the water vapor concentration (except for possible

correction for carbon dioxide).

\ ¥Translator's note: Symbbl was omitted in the foreign text.
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R \H then becomes

RL f o L (wir - w) c\w) (74)
o :

DWW

In the same way, if the adjacent layer underneath is treated
as an isothermal atmosphere having infinite thickness, the
ascending flux R4 at the level z, 1s given by

‘.

Wy
RY = R W) dw G e,\[_A €Wl j@a"%‘»"ifi") duly
C U dw W N5

OR is the equivalent radiation temperature at the surface,
i.e. the temperature of a black body which emits the same flux.
At the level Zy.s the divergence of the radiation flux is:

sR) LDM éﬂl,) (az){bﬂhm) (76)

EY2 Dz dz OW oW

or
. - Wy Wo
(2&) :-c(sv_v_v) _ j 2 E(we-w) g, - [ gt DEW-w),
2z |, 22 /z, o ewl Jw Dwt
r )

‘:“+ e(: & Wo-WT)-
BWr

(77)

-~

As we will see in the folloWing, the global emissivity is
not known with great accuracy. Its second derivative is there-
fore also relatively poorly known. This is what led Brooks (1950)
to integrate expression (77) by parts so that the first derivative

,%%] appears, which is better determined, and the term .gﬁa
; W

which is relatively well known from experiment.
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We then obtain

e
AWy

Wo — .
J‘BBQ 2E(wr - w) dw + [ 20" Klw-wy) dw / R
on ow IV Tw. ‘ |

{62-9‘({) aﬁ(;’ w3 _p % _a_w

Wy . Wv" ' (78)

In our particular problem, the temperature and humidity /33
profiles were known analytically. A second integration by parts
results in E*“M and 2&9[ , Wwhich was done by Funk and which

is of particular interest. This makes it possible to obtain the

following formula which will be used as the basis of our calcula-
tion.

-—

Ji N 4
ié (%Ezyzr=-<§-k%§§25r ( ‘)gﬁiXEL_!ﬁ_ 85 f2§12£)+{%§%1~f(vUr-\M%

: ' wWre L (+ w. -~
_%Q?)EM -j éﬁ-—E(Wr-W)o’v\l - 00"6[* &(W-—Wr) cle
YA b Ow? |

ot (79)
53. Definition of the modified optical density w
The optical density is defined by the relationship
AT
dw =-podz =-_>w_—_-fedz+ Cej (80)
A

It is therefore assumed positive downwards and is zero at
the top of the absorbing atmosphere.
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This definition is difficult to use in our study in which we
are interested in the layers close to the surface and where the
variations in optical thickness which occur are extremely small

in relative wvalue.

w does not occur in the equations except in the differential

s D Dok D0 . ' P . _
expressions ?5%1535! and —8gh/ » or in the form of finite differ

ences (wr-wJ . It was advantageous to replace w by its fraction,
which varies significantly near the surface. This quantity w,

which can be defined by the relationship u):y/

z
fadz% was called
s ‘

the "modified optical thickness".

)
The global atmospheric optical density is — eaciz. and
Zg
is therefore equal to w + )

w is therefore the complement of w. Their sum is equal to

the global atmospheric thickness. /34

The various terms which occur in the formula of Funk are then

modified in the following way

DWW . :-)1.;) since M =0 (81)

z >z Bz
20 et (82)
Ow 0w

1ok

=6 =+ et (83)
owt Dol

2L _  2&

oW dw (84)
Wre =W =W - Wy

(85)
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The equation of Funk 1s then written as

(_Df\_) _ G—(Eﬂ.) L(e'-i 64) 9&.!&1'- 6"\‘ DE,((A)&-—U\J() 96 ) &—(\Ur‘wo)

oz |, 3z Bwr Mow

L' .

54, Calculation of the modified optical thickness

According to our definition

w = jozé&(z) clz

is the specific mass of the water vapor at the level z under

fe

consideration. If P‘VJ is the specific mass of humid air at the

same level, the corresponding specific humidity F i1s defined by

F= el |
J

z
and consequently w :J QF(Z
O

In the region under consideration, the variations of (ﬂ as

a function of z are negligible to first order and

w=\3JZF-C‘Z-I (87)

Y therefore represents a measure of the height weighted by the

water vapor concentration in a certain sense.

W
U

By integrating equation (87) in parts, we obtain

= zzF'z\ E/A_Ezt.cﬂ J

(88)

by



According to (32) Z 2F _ F z
2z T*C‘)E (T))

or w=p[=F() - P f%(z—c)az_j/ (89)

Depending on the range of -EI considered, w is represented by

different analytical expressions, corresponding to the expressions
adapted for 4.(z\
P 9= (2)

¥For thermally neutral conditions, and for - 0,02 Q -lz:- < 0,001

Gel2)=4 = wepe [Fp)-R] (50
¥For over-adiabatic conditions f— < - o,ozl
Pelt)= _11%—:815’ > W= ?*Jf Wz -°3‘f)\ (1)

7|2

% . . z
For inversion conditions - > 0,001]

2l A08E [z =N ez (92)
M et e - v

=]
55. Calculation of the expression %—"m,

We have 28 _ (9.9 x(‘a_z'_
dw \. oz ow

According to (87) -3‘-“—-:?9-(?_) and, according to (31)
oz ’

a2 = Sy ()
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Thus (932) - Ox c\:;H(TZ_->{ (93)

dw P.ZF(Z)A
Thus,
#¥FPor thermally neutral conditions —9—9—— Bx |
' Dw QZF\ z)
for -0,02<f—<0,001{ (94)

¥For over-adiabatic conditions -ag- 6* _f‘_iﬂ?_f_
Sw. ?ZF@) Z?l‘{ow

for -l-z_-<_ 0’02, (95)
¥For inversion conditions 39-,-_ Ox A+06Z

2w ?zﬂf—) 'o,s({-_)-_o,ﬂ

for -E>0,Qmj (96)

w
N

N2>
56. Calculation of the expression *g;;Lz‘

We have

e _ > kae>; > (_a_g)x}_f__ Ox 2 [_bu |
2 -

2wl Dw 2z \ oW/ 3, Qz.\"(z dz fzflz) )

3 O x ‘, —Z%-F(z)) A Db+ SI% ach Dr:
» H( =FEI] *zw_ 02“ KZFZ)] ’\ Hﬁ{m( F(I))

From (32) LB-E -‘ y dPCQ" X H\ because C\DH «4435}
e . B 1 72
Thus S’ KZJ! Cb” 4)*" aji

expressions

which leads to the following
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L
¥Thermally neutral conditions Eig;;_‘ t1+iir

Qdwt lrzﬂz T
for - 0,02¢ -f <0, 001 (98)

¥Por over-adiabatic conditions

- i _ i A0 6E ( z
20 2 ,———’o‘;rkf,zsa—fiki——*""’t | (99)
Pt (g2l L2 AN
- 021 '°7iJ
¥For inversion conditions
/o i . 11
Py . v & — ) 2
9__§tf_z}fiﬂﬁi; qﬁﬂ-tx(4+9‘: \-11&3 ¥ (100)
ot (g Losgy =\ F tesgy
(N

57. Simplifications of the modified Funk eguation (equation
86)

Funk (1961) utilized a development limited to first order for
the quantities é?i# and fﬁ%Z\, taking into account the small
: w [}

temperature deviations which are observed in the surface layer.

We will now do the same, utilizing the expressions which were
established in the preceding sectiong (55 and 56) in order to
verify that the second order terms are indeed negligible.

In effect,

_ b 28 o Lot 28 (4+3%‘_‘i"+....)}

3(.0 aw W ©

The relative variation of © is small (on the order of 1%)
and we may write

(101)
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392" /37
Also - «-LQ-B'DLG /17 6(()9) Li-@ 376 ¢ 2. LW J

buﬂ- : u)L wl. e at ate

Ow
Ow?

According to the expressions which were established for %§

and == ‘ for adiabatic conditions, and assuming that Fy 1s small
compared with F, which we will justify in the following, we may
write w&‘PzF(Z)I (see (90)) and we have:

00 ., O

Jw w

dwt wl

Thus

_a_e)‘ Se\l
Bw'“—e*' and 4 lm)m4+.39*
o b 26 T o
dwr Dwi ,

Thus 3-Qf always is less than 1% and we can therefore write:
o

(102)

The expansion carried out by Funk therefore seems justified
and the Funk formula can be written in the following simplified form#

_ fParm.
- 3 Dw\ (9 —BR) ‘w.——wo) O, D& {ws - wk ) aé) (w, wo)

25 0w |2 lovou o 2tz (02

bz/z. L0
'I . ! \LuUs)

ik SR i S

_k%%) E,(u)g U.)r)+

i;? &{\w ukD AUb,S

dwyy, 3QUS wr ti—%)w: %)wlé(wr-wo)
WO f wo)&w 4.<( ) @(Wr -W—E(ws-wr)l
51
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Formula (103) then finally becomes:

) : Lr.( e: (%f)zv {}6 9(\) aea wo) eo f__i‘*i_“_f),(aw
l§(wf o)~ f(%"@ + ‘ = (;&(wr-wo) =& {ju- u&\)} ‘*“ﬂ_/

\

uls

(E?S we

58. Discussion of the emissivity curve &(w)

By definition, e is the global emissivity obtained by
integrating over the entire frequency spectrum corresponding to
the optical thickness w. It can be determined either by integrating
the elementary emissivity. |, corresponding to the various wavelengths
of the spectrum of directly from absorption measurements of infra-

red radiation for various optical thicknesses.

In the surface layer, the variation of e¢ is a function of the
pressure and temperature can be ignored (Deacon 1950) and we will
utilize the values obtained for the atmospheric pressure on the

ground and for a temperature close to 20° C.

As a comparison, we studied the values of ¢ given in the
articles of Brooks (1950), Deacon (1950), Funk (1961), Huhn (196L4),
Zdunkowski and Johnson (1965), Atwater (1966), Stone and Manabe
(1968), Staley and Jurica (1970) and the work of Fleagle and
Businger (1963), Kondratiev (1965), Haltiner and Martin (1967).
This revue of the literature made it possible to establish the
following table where the emissivity values obtained by various
authors are shown for the corresponding optical thicknesses (the

emlissivity values are given in %)
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|
|

|

!

! BT oo ST S BT NPT e

BROOKS (1950) ‘ . 0,29 2,44 11,55 24,5 39,59 57,5
| DEACON (1950) 2,8 11,8 . 25 48,6
EHUWARD et al, (1955) L 2,6 8,9 . 19,8 36,5 52,5

cited by STONE and MANABE (1968)| _ . ' ‘

iELSAéSéEizyééD; - , 5 . 14 - 28 41 54 -
| MOLLER and| ZDUNKOWSKI (1962) 0,27 2,47 11,5 28,9 45,4 59,5
KUHN (1964) . 0,58 4,0 12,8 24,9 38,1 54,3
' STALEY and| JURICA (1970) 1,96 5,65 14,3 27,3 41,8 §o,0

%

¥Commas represent decimal points|

Examination of Figure 10 and study of this table show that
therej@#quite-a large dispersion which is explained by the
difficulty of experimentally determining the function & (w)

Very few measurements have been made for u)§1044:m1H20thich is

particularly unfavorable for a study wheré small optical thick-

nesses must be taken into consideration.

The consequences of these two remarks will be examined in
the following.

It seems necessary to select a more valid emissivity curve.
We agree with Kondratiev (1965) who, according to our comparative /39
study adapted the curve proposed by Brooks D. L. (1950) (derived
from experiments of Brooks,F. A. and Robinson). We agree with
this because of the quality of the corresponding measurements
and the relative intermediate position of these values. Accord-
ing to recent works of Kuhn (1964) and Staley and Jurica (1970),
it seems that greater emissivities must be considered in the
range iusidj”&nsz‘. It seems therefore preferable to confirm
this tendency by additional work.
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We would like to note that the emissivities considered do
not correspond to absorption by water vapor and therefore do not
consider carbon dioxide. This question i1s quite controversial.
Brooks (1950) justified the omission of 002

of Elsasser according to which the quasicomplete absorption within

by again using the idea

the f~fg band at the temperature under consideration leads to a
negligible role for CO2 in the divergence of the radiation flux.
This point was contested by Cooley (referenced by Haltiner and
Martin (1967), page 256.) According to Deacon (1950), the statement
of Elsasser would be valid for high layers of the atmosphere,

but absorption by layers at heights less than 100 m would not be

sufficient to make the role of CO, effectively negligible. It

seems more correct to take into agcount the influence of CO2 by con-
sidering an additional absorption which can be directly added to
the water vapor absorption, as Deacon did. This type of calculation
assumes that the absorption bands do not overlap except over a
very small wavelength interval, which seems to be valid for the
lower layers of the atmosphere because of the small fVélueﬁ of
optical thickness (Deacon 1950). Deacon therefore established
emissivity curves based on values of Brooks for water wvapor but
corrected by an additional emissivity due to CO2, which is

assumed to be present for an average concentration of 0.03% in
volume. (This hypothesis is obviously an approximate one but is
acceptable because it only influences a correction term). The
values obtained by Deacon were utilized by Funk (1961 in the
application of his numerical method. We would like to state

that within the framework of our study, the possible effect of
CO2 is of no great practical importance, because of the disper-
sion of the emissivity values corresponding to absorption by water
vapor only. The values of Deacdn, which take into account the

002 effect, even though they are obviously larger than those

of Brooks, are within the fluctuation range which is shown in
Figure 10. The two problems cannot be separated. The only

important point to know is whether the indeterminacy of the
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emissivity curve afffects the results in a significant way. The
calculations will then be carried out with two different emissivity
curves, the one of Brooks (1950) and the one of Deacon (1950).

By comparing the obtained results we can evaluate the role of C02
and the influence of the different emissivity vialues for water

vapor alone at the same time.

Another unfavorable point must be considered. This is the
scarcity or absence of values of € for }UQJQ‘? chfug}. In our
study, optical thicknesses as small as 10-8% cm H2O must be taken
into consideration. Just like Zdunkowski and Johnson (1965)
and Atwater (1966), an extrapolation relationship must be used.
Assuming that ¢ must be essentially proportional to w (Fleagle
and Businger 1963) for very small values of optical thickness,
it seems that an equation having the form & - wog (1 + = .)
is more approapriate for w104 cm Hlﬂ (a and b are determined
for each case by continuity conditions at the point W= 10-4 Cm*bq

).

of\EA(u)ﬂ and '%Ez

VI. NUMERICAL CALCULATION OF THE RADIATION FLUX DIVERGENCE: /40
METHOD AND RESULTS

61. Conditions for carrying out the numerical calculation

If we know the analytical expressions for the temperature
profile, humidity profile, modified optical thickness w, and
functions %Fﬁ\ and 2% 1 , the calculation of the radiation flux

w dwl

divergence according to formula (104) can be done numerically
for different values of uy, L and 0, if 0p and zg are defined
and if & (w)| is known.

Continuing the discussion in paragraph (58) and after per-
forming numerical studies on the computer, the following expres-

sions were obtained for representing the emlssivity curves.
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According to

o - : 5 1(105)

'BROOKS w=10 4 em H,0 &= 0,5777 + 0,0847 Log WJ + 0,0027(LogW) '
. 106
wWg10™ em H,0 & = 0,260 Log (1 + 1,04.10° W) (106)

According to
, (107)
N : Wwe

DEACON uu;,m‘4 em H,0 € - 0,7875 + 0,1420 Log LJ + 0,0065(Log W) |

(108)

' wg10™ em H,0 & =0,055 Log (1 + 7,00.103 W)

z, was defined as the altitude at the tbp of the absorbing
atmosphere. This introduces a problem, because we assume certain
variation laws for the temperature and humidity which are obviously
only valid in the surface layer. By continuing them and extra-
polating them to higher altitudes, unreasonablle results are
obtained. As Funk (1961) showed, and as we were able to deter-
mine in our calculations, the influence of the upper layers (above
100 m) is very small. The temperature and humidity gradients
are primarily of importance in the very low layers. It 1s there-
fore possible to limit oneself to a value of z, on the order of
100 m, which amounts to assuming that the temperature and humidity

gradients are negligible in the upper layers.

Also it 1s possible to ignore the terms 5%?££i¥§5ﬁ9@l and

5 - - .2 k
(82 ws [Elwe-wo) ~Elws-wl| 1 equation (104) as Funk (1961) showed.

The validity of this approximation was verified numerically and

can be justified directly. In effect, the first term is close

)o O < .
to ?%1. ELuxl , Where wg is small compared with Wy %Eﬂ is

a rapidly decreasing function as we shall see later on. Conse-

quently :§%(ugﬂ is small. Also the second term is close to

@gzl¢§ﬁg§ﬂ . Thus, Elws) 1s always smaller than 1 and G%i)ukﬁ
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is on the order of f%f , which is very small compared with the
other terms. Wy is large with respect to the values of w within

the surface layer.

The problem posed by the definition of OR is a more delicate /41
one. OR intervenes through the term \@0 -,Qﬂi , which represents
the deviation between the real temperature and the equivalent
radiation temperature at the surface. OR is an experimental
quantity which is difficult to introduce into the calculation.
Also, in the case of the ocean, whose surface emissivity is very
close to 1, it seems that B o - O g! does not exceed 0.5° C
(Lecomte and Deschamps 1970). Gonsequently, thls term 1E_mgph lesq
important than above the ground where the dev1atlon can reach
10° ¢. In order to avoid the introduction of additional variables
for the numerical calculation, we will assume that 9;§= 9:4 and

we will later on examine the consequences of this hypothesis.

Under these conditions, equation (104) finally becomes

MR _ St o
-5-2-;)2—'*0’60 ) j c,f)"— Eu)r U)o (‘UJ Mr\)du:) (109)

v

This relatively simple expression has advantages, because
of the form of the integral in the brackets. In effect, if we
again consider the initial expression (79) used by Funk (1961)
Hamilton (1965), Lieske and Troschein (1967), we can see that

20 W ateu gp - \ .
the terms (j%@%ﬁggv’ﬂﬂanand .UWf7ﬁ%2§&Hﬁm%yfiuﬂ are essentially

of the same order of magnitude and are also much more important
than the other terms. The result therefore is essentially given
by the difference of these two terms. Separate estimation of
them can lead to a considerable error, as Lieske and Troschein
(1966) remarked. The establishment of an analytical expression
for this difference makes it possible to limit the errors

resulting from a numerical calculation in a significant way.
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This is important to us and as far as we know, it has not yet been
done when the Funk formula was used.

The calculation of the integral (109) is too complex to be
carried out analytically in the general case. Therefore we must
carry out a numerical calculation. The calqulatiohs were first
done by hand for particular cases. But the number of possible
combinations of the data and the requirement for decomposing the
intfegral into a sufficient number of intervals rapidly led us to
using a computer. The numerlcal calculation was performed by
M. R. Tomassone from the Blometry Department of the INRA (CNRZ -
78-Jouy-en-Josas) on an IBM 360-50. The program which was
established in collaboration with him is given in the Appendix.
It was built in order to determine the influence of the emissivity
curve on the resuLts by comparing the values obtained with the
curves of Deacon and Brooks. It is also used to determine the
effect of a simplification of the profiles when the logarithmic
relationship is substituted for the complete expressions.

The calculation was carried for 50 different situations /42

corresponding to five values of friction velocity uy

uy = 0,08 m/s ’ (U4ge 2,8 m/8) == z % 10.S m

ug = 0,16 m/s (g5  m/s) =5 24 ®5.10"% p
ugy = 2,28 m/s (uig=8 m/s) =>2z, A 10'-4

up = 0,5 m/s (uyg 212 m/s) =22, & 5. 104 m
us = 0,65 m/s (u10 15 m/s ) =z, n 103

and ten values of the Monin-Obukhov length.
) ,‘. ’ , ) C e - . . .

= .
The values of ES} and R(z) - Ro are obtained at the levels
z
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For each situation, the calculations were made using the

following hypotheses:

Hypothesis 1 - emissivity of Deacon (for a concentration of 0.03%
of 002)

Hypothesis 2 - emissivity of Brooks

Hypothesis 3 - emissivity of Brooks and logarithmic profile

eXpression

62. Presentation and discussion of results obtained with

Hypothesis 1

Hypothesis 1 corresponds to the general solution of the
problem,because the complete expression for the profile is used
and the role of CO2 is taken into account.

The results obtained for %%;] under different situations
are given in the tables of Appendix II. Examination of them

leadls to the following conclusions.

621. The form of the profiles %géj always remains essentially

similar to itself. Figures 11 and 12 show typical profiles

corresponding to the stable and unstable ranges.

égg; The profile shape is very close to the one used in éﬂ_
previous studies, and is similar to both theoretical ones -
(Zdunkowski and Johnson (1965), Atwater (1966), Lieske and Troschein
(1967) as well as experimental ones (Yamamoto and Kondo (1959),
Hamilton (1965) and primarily those of Hinzpeter and Heinrich

(1969) in the range 0-10 m.)
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The divergence in the radiation flux, no mater what its signJ
decreases rapidly with altitude and always maintains the same sign.
However, the maximum does not correspond to the surface itself
but is slightly shifted (about 1 mm to 10 cm, depending on the case).
For the air layer immediately adjacent to the surface (on the order
of 1 mm), there is an inversion of the phenomena which correspond
to heating when there is cooling above it and vice versa. These
results already obtained by Zdunkowski and Johnson (1965) in a
similar study and also by Godson (1965) by a different method
make it possible to explain the fact that the minimal nocturnal
temperature often occurs not at the surface but slightly above
it (1 mm - 10 cm, depending on the author). Numerous experimental]
observations of this phenomena have been collected by Oke (1970),
who himself demonstrated this fact.

623. Variation of the ratio jik%ig# as| a function of z is
shown in Figure 12 for various stability ranges. The influence
of the radiation transfer appears as an increasing function with
altitude. The divergence has the same sign. Thus, as Roblinson

(1950) predicted and as Figure 11 shows, if the term %;g

becomes small above 1 m in height, it i1s not possible to conclude
that the influence of radiation transfer is negligible above this
height and no statements regarding the conservation of turbulent|]

flux can be made. This conclusion has often been reached.

624. As we indicated previously, the relative variation of
. . . Rlz)- ,
this latter flux is equal to the ratio :iyikﬁfi' In the following

table we will give the calculated values at the level z = 10 meters.¥

¥For large wind velocities, Monin-Obukhov lengths such as
L =16mor 5 m lead to deviations ©40 - ©g| which are much

greater than those produced in natural mechanisms and can there-
fore not be considered plausible ones. Consequently, we did not
give the corresponding results.
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between

Nevertheless we should stress that these

numbers do not necessarlly correspond to the effective variation

if S is assumed to be

initially constant, the variations in S given in the table can be

—f e m i $ - -

: 0,27

.
.

0,072 : 0,080 :

: 0,11

.
°
H

conservation

0,10

of S but is the result of our method:

: 0,10

: 0,10

-2,4 ¢« -0,87s - 0,44: + 0,44: + 0,91: + 4,84
- 9,20: - 1,47: - 0,74::4 0,75: + 1,53: + 8,20

: 0,066 s+ 0,068 : 0,066 : 0,068

: 0,10

The relative variation of the turbulent flux resulting from

the calculation is sometimes very large and most often greater
than 10 or 20%, which could be established as an arbitrary limit

for assuming that the hypothesis of flux

0 and 10 m is wvalid.

: 0,65 m/s :

[F W Y

?0%690



derived from it. The effective variation of S will be smaller in

general, but must be taken into account completely in most cases. ¥

625. According to the above table, it seems that the deter- éﬂ_
mining factor (for a given surface temperature and therefore given
surface humidity) is the wind velocity. The smaller it iss|the
greater this effect will be. This is logical since the value of
the turbulent flux relative to the value'Bf the radiation flux is
then reduced. For the same reason, the relative variation of the
turbulent flux is greater at a given velocity in an inversion
situation than it is in an over-adiabatic situation. This con-
firms the generally held opinion according to which the influence
of the radiation transfer is primarily noticeable during the
night (and even more if the wind is weak). However, e&en in an
over-adiabatic situation or, in general, in daytime condifions,
the effect can be noticed for weak winds, which was expressed in
the work by Lumley and Panofsky (1964) and Munn (1966).

63. Influence of the emissivity

The results described in the preceding chapter were obtained

for emissivity values given by Deacon.

We can ask whether a priori . the important role played by
small optical thicknesses in our study would not lead to consider-
able deviations in our result. In effect, if the values of €
adopted by Brooks and Deacon, for example, only differed by 10 to
20% for h);>10'4cmlbq,_a much larger difference would be

introduced in the extrapolation formulas. The ratio &.BROOKS
& DEACON

would go to 0.67 when w goes to zero.

¥This point will be discussed 1in the conclusion.
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S ‘ .
The study of the ratios ‘(%)BRDDKS and K‘d")'@BRUOKS ,

| (ETDEACON (Riz) zRe)DEACON
especially for z = 10 m| , makes it possible to study the deviation

which could result by adopting any kind of emissivity curve.
These ratios, calculated for a certain number of cases, are given

in the following tables.

(2R

N | |
32) BROOKS o -5m - 1 000 m +1000m . +5m
Z:4o o ) o
IR _ L —
{ S—Z“) DEACON 0,08 m/s {0,75 ..+ D,80 0,80 0,75
‘ /Zz=4p .
) 0,28 m/s |0,80 0,78 0,80 0,80
0,65 m/s [0,79 ‘' 0,80 - . 0,81 0,79
/46
‘ L L 5 m - 1000 m + 1000 m +5m
' (R(10)= Rg) o e <
" {R10)= Ro’prooks -
- (Rg10)=Rg . ,
i‘ ( . ) JDEACON 0,08 m/s | 0,90 0,9 g, 90 0,96
0,28 m/s | 0,9 0,90 0,88 ' 0,97
0,65 m/s | 0,92 0,90 0,90 0,97

The differences in the divergence are on the order of 20%.
The differences in the flux variation are about 10%. These num-
bers can be considered to show the influence of CO2 or the un-
certainty connected with the emissivity value for water vapor
only. It therefore seems that the high valuesg of ‘R@a =
y g <_J._0.,l.a_li0\

obtained in the preceding paragraph cannot be attributed to

excessive values of e, because the contribution of 002 does not
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exceed 10%. On the other hand, the increased emissivity values
which were the result of recent studies by Kuhn and by Staley and
Jurica could not lead to a higher number for the relative variation

in turbulent flux.

In conclusion, the problem of exactly defining the emissivity
values does not seem to be the determining one, as Zdunkowskil and
Johnson (1965) and Jurica (1966) found. Thus the latter concludedJ
"Thus, we may consider that the Brooks method shows that there
i1s a moderate sensitivity to emissivity wvalues when considered as
external parameters. It seems that any calculation based on a
reasonable collection of values, no matter from what source, will
lead to results which can be considered equivalent for all practi-

cal applications.™

64. Influence of stability. Logarithmic approximation of the

profiles.

The influence of stability was demonstrated by the numerical

results given in paragraph 62. The appearance of the curves for

-igﬁ ﬂJ and those shown in Figure (12) suggests the definition
| — . . _
of an empirical stability function (P %\ such that

MR e 4o o flunze) HZ))

The dispersion of the various values of\glin obtalined is
relatively small, which justifies the method. The averaged - - -
values are given in the following table } /47

f .1 -.0,6 -0,3 -0,1 -0,05-0,02 0O +0,02 +0,05 + 0,1 +0,3 + 0,6 +1
. L

s

Y1z) b,es 0,91 0,95 0,99 1 1 1 1,05 1,06 1,10 1,12 1,251,4

¥Commas repré%gﬁg_aeciméi_Ebzﬁfgn
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L =10 m is a more modern example and shows that the influence
of stability in the first 10 meters of the atmosphere will be less
than 15% in the over-adiabatic regime and 40% in the inversion

regime.

It seems that the simplified logarithmic form of the profiles
will not bring about important errors in estimating the relative
variation of turbulent flux. The second order effects can be taken

into account by the following empirical relationships:

(P(f) =@t + 0,15 ‘E5 for L <0 (110)
';F(.E);(f@“ + 0,4 f)} for L >0 (111)

In order to confirm this opinion we carried out the calculation
using hypothesis 3, the Brooks emissivity and the logarithmic
expression for the profiles. Comparison with the results
obtained for hypothesis 2 lead to the following table,ﬁ

-i- '-1 - 0,6 - 0,3 -0,1 =-0,05-0,02 0 +0,02 +0,05 + 0,1 +0,3 +0,6 1

Wa)-Roph o0 5,93 0,96 0,98 1,02 1 1 1 1,03 1,04 1,10 1,271,852

G{{z) “ N“))“\I

¥Commas represénf decimal points:r

Agreement with the preceding table is very satisfactory.

Nevertheless, it is obvious that the loss of accuracy
corresponding to the simplified logarithmic relationships in the
numerical calculation 1s not an advantage. The reduction in
calculation time on the computer is not significant. On the other
hand, it becomes difficult to find an analytical solution because
of the complexity of the relationships used. However it is
possible if we limit ourselves to logarithmic expressions, as we

will see.
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VII. ANALYTICAL CALCULATION AND ESTABLISHMENT OF SIMPLIFIED /48
RELATIONSHIPS

71. Interest in an analytical calculation

Even though'the calculation cannot be done except by using
a certain number of approximations, it is of interest for two

PG&SOHS:’

--on the one hand, it makes it possible to have approximate
calculation methods for the‘givengence\which are simple
and fast (the computer is replaced by the slide rule) which

are then of interest for the experimentor

—--on the other hand, the relative influence of micrometeoro-

logical parameters can be shown.

72. Analytical expression of the functions © and w

The temperature and humidity profiles are reduced to the

logarithmic form

- ' (112)
elz) -8, = BkLoSZ
F -'F = - .
(z) o Ff Log z (113)

According to paragraphs 54, 55, and 56, w %%% é;;z: are

written as:

ng [ ?@X '(lli-l)
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(115)

26 . Ox

ow QZLFEQ

29 _ Oy EL T, |

—_— T - - -\-__.?::

awt” Tozf L Fiz (116)
According to the calculated humidity profiles, F::) always

remains less than 0.1. The relatively large values of this ratio
correspond to relatively great heights. We can therefore ignore
the term F;;& in equations 114, 115, 116 which leads to the
following equation:

W = QZF(Z) { | (117)

2. Ox
Sw W (118)
o0 | _ Ox
Dwr Wt (119)

73. Analytical representation of the emissivity curve

Such a representation must approximate the experimental
curve in a satisfactory way at least over the optical thickness
range used in the calculation. Also it must have a simple form
which will not cause too much complexity in the analytic calcula-
tion of the integral in equation (104).
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Such expressions have already been used for numerical calcula-
tions. Thus, Hamilton (1965) proposes a rather simple decomposition
of the curve E.h»),finto two parts of straight lines, which meet
at the value W= 8A0'4cm1H204 Atwater (1966) utilized the de-
composition of Elliott and Stevens in which the curve is repre-
sented by line segments for the intervals limited by the values
ﬂ0‘5,10-4410'3\ and 10-2 mnkbp). Finally, Jurica (1966) also
utilized analytical expressions for %§bj which enter the formula

of Brooks, but he does not give them explicitly.

Even though the expression utilized by Atwater seems to have
the required accuracy, the decomposition into several intervals
i1s cumbersome for the analytical calculation. We also look for
a relatlonship better suited for our study. Since we could not
find a simpler relationship which extends over the entire variation
range of w, we had to consider two intervals.

For w>10-4 cm H,0
the form of the emissivity curve of Brooks in the semi-logarithmic

representation led to the use of a hyperbolic tangent function of

the form:

- ' B
E o e nTh(Bloaw)s 4ealin) -1
> + ( L°3w,) +AK—8)13+ (120)

€15 A and B are numerical constants.

Such a simple expression cannot cover the entire variation /50

range of w with the desired accuracy. The introduction of higher

order terms would lead to too much complexity.
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The contribution of layers such as UL>10'1¢m1H20 seems. to be]
quite small. We determined e, A and B such that expression (120)

approximates the experimental curve over the interval

A
o

-y -1 i
£ 107cm H0 ) 107cp 40 o/ | in the best way.

The adopted values are

A =1,125
B = 0,25
4 = 0,218

As Figure 13 shows, agreement with the experimental data is

satisfactory over the interval [/ 10~4 cm H,0, 4 x 10-2 cm HZD_-/-/-‘
There is a slight divergence which appears above 4 x10‘2cm1H2q

This influence is less than 1%. All attempts to make an improve-
ment on the side of large optical thicknesses led to a divergence
on the small optical thickness side, which was much more detri-

mental to the calculation accuracy.

The corresponding analytical representation of the first

derivative %%j is shown in Figure 14. It also seems to be

satisfactory considering the dispersion of the experimental
values (the high values of %g%ﬂ proposed by Fleagle and Businger
(1963) and which were contested by Staley and Jurica (1970) were

not included).

For\«.ﬂgo"4 cm H,0, we used an extrapolation formula of the
form & =a Llog (1 + bw) (Cf 58) 3|2 and b are determined from

continuity at the point 10~4 cmf&ﬂ.

We have €=10,260 Log (1 + 1,00 x 1070w ) | (121)
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&
This expression as well as the one corresponding to §L/ are

. Ow
also shown in Figures 13 and 14.

74. Details of the calculation proper /51

This calculation is based on the equation (104) in which the

terms %’ EE;L%J%;TW_') and %_%)M [E-(\Ah-Wo)"E(u)s-wﬁ’ can be neglected

as we saw. We therefore find:

——

oz

(aﬂ) - _gg-e ) \ ~(8o- ea)m) ) X g \wr w\)\wo

o Ws
. =8 6 d“"k (122)

_awl
h’o‘

Taking 117, 118 and 119 into account we obtain:

25) - 07 0, p e Cloct) T o], s

dwr,

The calculation amounts to calculating the expression

! —& £
K= , (hk {:\L)-EEPHJ which is done in different ways depending

on the value of w,

731. In the most complex case wet,! x 10~% cm HZU' 5 intervals

must be considered.

1. [w or 0,1 uurl

Let us:sét\ 1 LUr'W\=uk—u4
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{

and Wy > uk W 0,ﬁ w(“ ~\

This latter condition leads to assuming that 2 (wr-u W"W),’

is approximately constant and equal to "aaﬁ'w: ;:' .

Ol wir
By integrating by parts >§4 = X‘«uo,04w- 4 J OE‘wr-w)x 4
aé‘.fwr) l: 0, wr SO A Wo
3 “Wo. .
II, L° Aw - 107 ] '.
lWr-w\'::u)r—\.U. k
We-w> 107 = eq{(120)
X (0,4 W 4;-'+ = -2” &N [1 1 -
7(2_:-" lo, Wy ) r =10 >.--— Cy ¥ Tt (40'-4-\]_-' \)w-mr,
2 l&/;)l (LO \Iw('—‘o_ “_L‘3 VOJ\UrrVWl) “)V' (A +L
W+ We WL N L —_—.‘ —— \J J
IkII. ( 1+\ A ‘\]0'|Wr @O"iu"’ Vu,( " fe ‘W—A’c“'k oq ‘

Lwr-%‘ _,wﬂ - .

\er l.Ul = Wr-w

w < o™t = eq (-424)

Ky = X (“U\""" ' ) W").:—' T&%)M,L o ‘f}.. Log wr-\o ‘*J

i

v, \:Wv- ) Wr+/10—'+]
e =16] = w0

-W- s \O-Lf => 2q Hg")

——

\

Aw

. (:E(’io"‘*)r+ .Loj ” “:':"D,_A

L K

. )g4 = X {we, Wr +-’fo"+)‘ ._.____(_Sg)
w
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| - —

. Lwesdom wsj

and we

We are then referred to case II with<{uh_tyl:¢u-Wr,

find:
Xs = - 288w, ' |4 (2 +-—4———) é_i’(L, Ao L iy |
gt wr WiV ! Vo= 40°2 & “,J) No

Plg YWl ) e lf—‘ el
03\'""*\“’“) L r“'(A'L“@ - ety j

Thus for the numerical calculation, we see that wg is a

quantity which is not well defined.

For the analytical calculation, we may set Wy = 100 try and

ignore the contribution of the upper layers.

We finally find:

—

= == Wr Wy | Wy
ol bw)w"LOS w". wl\—os Ao- Loj We-ho"Y * Lmj W+ 157 "\ + Xg+ Xs

are defined numerical functions which always /53

But X2 5

depend on w

and X
p*

We can therefore Eeti

X = Ou) \\Los — R \wv\\ (124)

RAUUrﬂ is a function which can be expressed in analytlcal-form-

and which can be calculated once and for all.
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732. In the case 10'4$-1Uré-1,f .1ij

-4
0,1 we > W=~ 10

The intervals II and III are regrouped into the single inter-
val Lp tWr w{ﬂ . The intervals I, IV and V remain unchanged.

We then obtain an expression having the form (124), R&Mﬁ‘ is

this time defined by a different analytical expression.

733. In the case WOS Wy < 10'4A cm HZDI the intervals I,

IT, and IIT are regrouped into the interval [ub,uQ] and the
intervals IV and V remain unchanged. Using the same calculation
method, we again find expression (124) and even here we find an
analytical expression forlﬂq(wrﬂ .

734. 1In conclusion, in the general case and for any w, we

can write

K=~ ee) LFQS-—-+-R tn%}

Rdw% is a defined function and its analytical expression
differstepending upon the interval under consideration. But
obviously it remains continuous over the entire variation interval
of W, It was numerically calculated and is shown in Figure 15
(it should be noted that Riwr) is a negative quantity for

Wré3.103 cm H,0)

735. According to equation (123) and the expression for X, /54
we finally find: '

(2B} = 3 _eo"e’ ac—L\,\x~b\)\>) N
%-'i)zr——- LTG‘eo e* ?F(ZP) \. e%_‘{ - \a ) Lo;l—--fR\w‘nl
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As soon as zr/z°;> 1q , Wwhich occurs most frequently,

--“9-'> 10,} and we find:

M

(_B_i:}) = 4 6—603 8*9 f(zz-) (_?)é) “‘09 wr 60 B +R“wr] (125)
- wr

oz |, A w Wo
With this expression we can directly calculate » from
values of (g%)w, and Rdw&[ . This is done using Flgures 15 and

16. The calculation is simple,/because it is sufficient to

calculate wq =¢F and Wy = ?szr)Zr-

o Zo|

It would also be necessary to know GO-BRI , Which we
ignored in the numerical calculation. We can determine its in-
fluence by means of an analytical calculation. Let us consider
that: '

Lo?) -L—— — L %‘__Lf:z") n L°3 A {jﬂ__‘?"
2 63¥r

We can see that in equation (124) 80_(5R plays the role which

is similar to the role of tﬂzq-BJ . Its influence 1is negligible
if |f; ?g‘z<v . If this is not true and because egehq is still

positive, this term tends to increase the value of %ZJ for
6@)-8&25% » 1.e.,|in an inversion situation or, on the other

hand, to be reduced for e@f);ens; 0 » i.e.yin an over-adiabatic

condition. This was confirmed by the numerical results obtained

by Zdunkowski and Johnson (1965) and Zdunkowski, Henderson and Hales
(1966). 1In any case, the small value of this term in the ocean

makes it possible to ignore 1it, except if the temperature difference

between the air and the water is small. In this case it would

have to be determined by experiment. The correct determination of

the surface temperature of the ocean OO can never be done except

by means of a radiometric method, which will then result in a value

T4



corresponding to OR. This is inconvenientsbecause the sum of the

terms in parentheses in (124) is equal to ©{2r).#o| and therefore

Oo 1s not involved.

736. The analytical expréssion which was obtained for ;%L

makes it possible to establish the expression for the radiation

/55

flux variation R(;) - Rd by means of an integration:

R(z,) Re = fz B)dzr = 4GB 0 g;’)t’ %) oo 2R iAzr
Z, W

.-

Zy

= b o J Law)LL°1m*' 52 R)

:\ r . ) ) < » w ui' il
or \‘}R{‘Z) - RD = ['" \ 62 e-)(' LL&(UJ)LU(] %’lw + j Lp\'(wr) - Eww’ J‘\\) rJ
il . A ] o wo r .

E{wﬁ‘ is a well defined function of  w, . This is also
true for ?qb“t:géﬁﬁ and, consequently, for the integral

w . .
yaoﬁiwdféggﬂduﬁ/which can be called 'RZUQxﬂ . It wa§ calculated

numerically and is shown in Figure 16. T

We then finally obtain:

RKZP) - l{o = . Ll- G-és On [&(wv) [LOS%,L;.,_ eg.:){h RQ('LUT)"RZ{‘@ (126)

75L Discussion of the simplified formulas /56

The analytical calculation leads to simplified formulas (125)
and (126) which make it possible to rapidly calculate the values
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of %gﬂ and R(;)- RJ at a level z without a computer, if ug, OO,

IJarQKnown in our problem or if q*,UO,lﬂ Zo'@'ﬂ and B are known
in the general case (for example,above the ground). These formulas
assume that the form of the various profiles can be considered
logarithmic. We have seen that the errors introduced by a strong
stratification can reach 40% in the inversion range and 20% in the

over-adiabatic range.

Considering the large number of approximations which we have
introduced, we must now determine the error of the calculation.
The results of the analytical calculation and the numerical cal-
culation (both carried out for hypothesis 3: Brooks emissivity
and logarithmic profiles)‘Mere compared for different situations.
In all the cases studied, this comparison leads to conclusions
which are similar to those which can be derived from the typical
cases shown in Figures 17 and 18. According to Figure 17 which
shows the radiation flux divergence, the agreement seems satis-
factory overall, even though the numerical calculation introduces
a certain dispersion in the points, which can probably be attri-
buted to calculation of the integral which occurs in the expression
for %% . The ordinates are plotted on a logarithmic scale and

the deviation between the two methods of calculation between 1

and 10 m, which do not look very great according to Figure 17,
leads to an appreciable difference for the integrated term

R(ZLf RJ , as Figure 18 shows. We are now faced with a problem
of determining which of the two methods 1s more reliable. Con-
sidering the approximations made for the two cases and the details
of the two methods, we believe that the numerical calculation is

probably afflicted with the greatest amount of errors.

This point of view confirms the difficulty in estimating the
radiation flux divergence accurately using the numerical method

of Funk from a limited number of temperature and humidity
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measurements. This also explains the general disagreement observed
(Funk 1961, Hamilton 1965, Lieske and Troschein 1966) between the
direct determinations of this divergence and the calculated pre-

dictions.

7@. Examination of the influence of various micrometeorologi -

cal parameters

Assuming that Veo' = BR‘ , equation (126) leads to:
|RE)-R| b oel by (Bl Log 12 & Rofu) - Rafool)
! ‘S:o . : QC PJR Oy Loy

~
Ul
=

|

or

5 ';So \ - Li' 6- e(> E_(u)) LOC.) _Z_F_(f) +R1\u))— RA\;IS
o \ E\CP 1Y '-1* 7 Zf

(127)

o\ 0

Tt follows that the relative variation QE the turbulent flux

resulting from the effect of radlation transfer:
- is proportional to eoﬁ
- is inversely proportional to uy
- increases with F(zﬁ , i.e. with average air humidity
- decreases slightly with Z
For the ocean, the variation range of Oo is quite small and

therefore the term E)O% will vary slightly. Also, Zq depends on

ug. Thus, for the ocean, l§§§£l is practically inversely pro-

portional to uy and increases with the average air humidity. This
confirms the results of the numerical calculation. Also, we are

now in a position to draw another conclusion by estimating the
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relative effects of stability. This made it possible to draw
Figure 19 which clearly shows the influence of the various para-
meters. In particular, we can see that the air increases very

rapidly when the friction velocity drops below 10 cm/second.

VIII. Conclusion /58

A rigorous study of heat transfer in the surface layer of the
atmosphere requires knowledge of the] interaction mechanisms between
the radiation transfer and the turbulent exchanges. Up to now,
this topic has only been studied in a limited number of works. Its
influence was placed in perspective in certain theoretical and
experimental studies. The classical theories on] turbulent heat
transfer in the surface layers do not take into account the possible
effects of radiation transfer. Consequently errors can be made
either during the establishment of semi-empirical predictions or

when experimental results are interpreted.

We attempted to determine these errors by using absurd reason-
ing: the turbulent flux is initially assumed to be constant, and
we then calculate the variation of the same flux which is a logical
consequence of this hypothesis. The numerical results show that
in certain situations , the relative variations are much larger
than the limit of 10 to 20% which could be established, considering
the tolerable error levels in micrometeorology. It therefore seems
that in the general case and a priori it is not allowable to assume

that the influence of radiation transfer is negligible.

The dominating factor is the wind velocity. Small values
of it lead to large variations. Thermal stratification only enters
in on the second order level. This point allows one to find an
approximate analytical solution to the problem using temperature
and humidity profiles which obey the classical logarithmic re-
lationships. Simplified formulas were established with which it
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is possible to rapidly evaluate the effects of the radlation flux.
In addition, this method has the advantage of clearly demonstrating
the role of various parameters. We finish with a quantitative
determination of the unfavorable effects, such as small wind velo-
cities, increased humidity values and nocturnal inversion regimes.
In addition, appreciable errors can be made if we deliberately
ignore the influence of radiation transfer during the day and

during periods of low wind velocity and large humidity.

The calculations were carried out assuming clear skies. The /59
fact that there was no fog could only increase the influence of
radiation transfer (Zdunkowski et al.,(1966) concluded that there
was a smaller fog effect than the one we predicted). A large

©o-8r| difference would lead to results which would be quite
different from the ones we obtained. The surface emissivity must

therefore be taken into account.

Except for these points, the uncertainty in the emissivity
values of water vapor for small optical thicknesses (less than

10-4 mnkbﬂ) and the uncertainty in the carbon dioxide effect,
as well as deviations observed between the result obtained
numerically and analytically, contributed to an appreciable un-
certainty in our results, which could be reduced by additional
work. Even though this uncertainty limits the accuracy of the
preceding results, it is]- nevertheless not large enough to

invalidate their significance.

Considered from a certain point of view, the preceding work
can be considered to have a negative quality. This is because
we are only able to define conditions under which the radiation
transfer can be considered negligible. We are not able to deter-
mine the corrections which must be made for taking it into account.
In order to do this, a method of successive approximations would

have to be developed. We assumed/that the flux was constantsand
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we ‘ended with a variation of x4 %/ . We would have to perform a
new calculation based on this variation of xq %, which would then
lead to a resulting variation of x, %: . Assuming that the cal-

culation converges (very close tests make it possible to believe

that this will be true))we should very rapidly arrive at a rigor-

ous solution of the problem. Unfortunately, this method, although

promising cannot be developed because of the present state of

the theory. 1In .flact the turbulent flux S is not constaﬁtJand the

Monin-Obukhov length L must be considered as a function of alti-
tude and therefore cannot play the role of a length scale which
would be developed over the entire surface layer. An}extension

of the present theories which consider the turbulent fluxes of

momentum and water vapor as belng constant but use variable turbu~

lent heat fluxes, would be necessary.

Assuming that this problem is solved, wg‘can assume that the

method under consideration would converge rather quickly. In
effect, the divergence of the radiation flux is primarily deter-
mined by the shape of the humidity and temperature profiles very
close to the surface. The latter would not be greatly modified
by variations of the turbulent flux, which foect primarily the
upper layers of the surface layer. Considering the uncertainty
which affects the calculations of the radiation flux divergence,
we can assume that the margin of error on this latter quantity '
would very quickly rise above the significant margin for
iteration processes. For temperature and humidity profiles, the
difference would not be greater than the one which results for
velocity profiles when a constant friction term is adopted (flat

plate case) or when a variable ‘friction is adopted (tube case).

On the other hand, the effect of radiation transfer will certainly

be important during a calculation of the values of fturbulent heat
transfer coefficients from experimental profiles in the surface
layer. This explains in part the dispersion of the results for

the ratio kﬂ
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necessary elther to remove the influence of radiation transfer
(which is possible in the wind tunnel) or to at least reduce it
by avoiding determinations when the wind is too slow and the air
humidity is too great. Also the fluxes would have to be measured

as close as possible to the surface.

This study does not pretend to entirely resolve the problem
posed. Instead we give a first approach which should lead the
way to further work. This work should take into account certain
aspects which we have separated out due to the definition of our
problem, in particular the effects of advection and the effects
of non-steady conditions, which must be considered in the general

case.
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APPENDIX T
PROGRAMME DU CALCUL'NUMERIQUE(FORTRAN Iv)

DIMENSION U(5),Z0M(5),0BUKO(10)
DIMENSION Z(15),X(15),TETA(15),EHUM(15),W(15),T2w2(15),V(15),Y(15)
DIMENSION WR(10),ZR(10),DIV(10),FI(10),CUMUL(10), Taw3(15) EMIS(15)
{! FORMAT(////,3X,'VITESSE DU VENT A 10 M., U10= ° F 9.1,%....RUGOSITE,
;I I zo— ',E 9.3,'..L. MONIN-UBUKHDV,......... = ',fF9.0)

12 FORMAT(/  ,1H ,! USTAR—‘ *yF10.4,",FLUX  QH=',F10.4,',EVAPO= |

IER F1D.5,',BDWEN= ',F10.4,' A= ,F10.5)

3 FORMAT(1H ,100('*')) :
"1t FORMAT(1H HAUTEUR *  TEMPERATURE * HUMIDITE
i1 W * 'D2T/DW2 *1) ' '

5 FORMAT(1H ,5(E15.8,4X,1H*)). ' ~ '

i FORMAT(1HO, 'NP-R * WR o * T ZR * INTEGRALE *
4 2DIVERGENCE CUMUL  *1) ' : o )

[ FORMAT(1H, 14,1X,'%1,5(E13.7,1X,'%1))

INITIALISATION DES VALEURS. CONSTANTES DE~L'ANALYS€

-

AK=0,4 ) . e

TET0=293, , e I

u(1)=2.8 : I L

u(2)=s. o N - BRI

u(3)=8.

u(a)=12.

u(s)=15.

ZoM(1)=0.00001 A ‘ y _ N L

{ Z0M(2)=0.00005 T e e e L
Z0oM(3)=0.0001 s _ L g R

4 Z0M(4)=0.0005 . j St .. R

1 zoM(5)=0.001 . SR o IR ‘

.1 oBUKO(1)=-1000,

-4 0BUKO(2)=-500. o : » _ . _

4 0BUKO(3)=-100, . : S

~§ 0BUKO(4)=-16 S
4 0BUKDB(5)==5 . e R R Co
1D0 100 I=6,10 : ’ Lo
g J=11-1

OBUKO(I)=~0BUKO(J)

£0=23.27

‘A1=13000

MX EST LE NUMERO DE L'UNITE bE,SURTIE

MX=3
c

»*

N=14 , L - S N




i s

VALEUR STANDARD DES HAUTEURS.
X(1)=0. :
X(2)=0,00001
X(3)=0.,00005
X(4)=0,0001
X(5)=0.0005
X(6)=0.001
X(7)=0.005
X(8)=0.01
X(9)=0.05
X(10)=0.1 .
X(11)=0.5 : o ‘ - ’
X(12)=1. =~ . '

X(13)=5.

X(14)=10.

_X(15)=100.

VALEURS DES PARAMETRES DE LA COURBE D'EMISSIVITE.

B0=0.7875
B1=0.1420
B2=0,0065

JYINDIQUE ICI LE NOMBRE DE COUPLES(U10,Z0)ETUDIES,A L'EXPLOITATION, NTEST=$
DO 130 I=1,5 o
U10=u(1) o

Z0=ZoM(1) '

ON DOIT D'ABORD CALCULER LE NOMBRE DE POINTS DU PROFIL ET LES -
VALEURS POSSIBLES DES HAUTEURS JAMAIS ZEROD..., .
NP=N+1<1 ' N ‘
DO 120 J=1,NP '
K=I+J ' .
Z(J)=X(K)
ON EFFECTUE LES CALCULS POUR DES VALEURS FIXEES DE LA- LONGUEUR
DE MONIN~OBUKHOV '
DO 130 J=1,10
IH=1 -
DO 130 IJ=1,2 _ . b S
AL=0BUKO(J) R T A R S R
WRITE(3,1)U10,20,AL ' o
UETOI=USTAR(AK,U10,AL,20,INDIC)

CALCUL DU PROFIL DE TEMPERATURE

CALL PROTP(AL,AK,UETOI,Z0,TETO,NP,Z TETA IX, IJ)
TET10=TETA(NP)
CALCUL DU RAPPORT DE BOWEN

B=BOWEN(TET10,TETO) 83



Gy, S|

{35

64
51

1)
% |

8U4CALL QTFG(V,TawW3,Y,NP)

CALL FLUEV(UETOI,AL,B,QHO,EVAPO)
'CALL PROHU(ED,B,NP,TETA,TETO,EHUM)

A2=TETO*UETOI*UETOI/ (AK*AK*AL#9, B81)

EMIS(K)=0.260*ALOG(1.,+1.043E3*(ABS(V(K))))

CALCUL DU FLUX DE CHALEUR ET DE L'EVAPORATION . '
CALCUL DU PROFIL D'HUMIDITE

CALCUL DES ELEMENTS INTERVENANT DANS LA DIVERGENCE DU FLUX
RADIATIF

CALCUL DES DEUX TABLEAUX CONTENANT WET LA DERIVEE SECDNDE
DE TETA PAR RAPPORT AW, ]

CALL EOPTI(A1,A2,B,NP,EHUM,Z,W, T2w2,AL, IJ)
WRITE (MX, 2)UETOI QHD EVAPO B, A2 :
WRITE(MX,3)

WRITE(MX,4)

WRITE(MX,3)

DO 135 K=1,NP

WRITE (MX, S)Z(K) TETA(K) ,EHUM(K) ,W(K), T2W2(K)

>~ CALCUL DES .VALEURS ZR ET WR

DO 140 K=1,10 - ' \
L=NP=K+1 ' :

M=11=K .

WR (M) =W(L) . . S =
ZR(M)=Z(L) o L )

CALCUL DES EMISSIVITES . - S
DO 150 M=1,10

DO 163 K=1,NP
V(K)=W(K)=WR (M)

IF(V(K))164,162,164
EMIS(K)=0.

GO TO 163

IF (ABS(V(K))-1,E-4) 165,165,161

IF(IH.NE.3) GO TO 300 | A
IX=2 '

EMIS(K)=0,218%(1,+1.125*(SORT(ABS(V(K)))=7. 9E—2)/(SURT(ABS(V(K)))+17 9E-2))
GO TO 163

IF(IH.NE.3) GO TO 301

IX=2

GO TO 163
EMIS(K)=0.055*ALOG(1,+7.E3*ABS(V(K))) o
TIW3(K)=T2W2 (K)* (EMIS(1)=EMIS(K)) ' ~ -

INTEGRATION DE LA SONCTION T3w3 TABULEE DANS L'INTERVALLE V(1) A V(NP)
L'INTEGRALE VAUT FI,55P PAGE 289 :

FI(M)mY(NP)



ﬁaDIV(M)=-22.4E—9*TETO**3*EHUM(L)*FI(M)/A1

; CONTINUE

INDIC=0

CALCUL DE LA DIVERGENCE AU NIVSAU'ZR

L=NPaM+1{

CALCUL DES AIRES CUMULEES DE DIV EN FONCTION DE Z

CUMUL(1)=1.E- 3*DIV(1)

DC 170 M=2,10
CUMUL(M)= CUMUL(M-1)+(ZR(M) ZR(M-1))*(DIV(M)+DIV(M-1))* 5

WRITE(MX, 6) '

DO 180 M=1,10

WRITE(MX, 7)M WR(M),ZR(M),FI(M), DIV(M) CUMUL(M)
GO TO (210,130),IX . -

IH=3 SR o

GO TO 208 o .

CALL EXIT - -
END

S0US—~-PROGRAMMES

FUNCTION USTAR(AK,U10,AL,Z0, INDIC) O R

CALCUL DE LA VITESSE DE FROTTEMENT USTAR(U ETOILE)
«oAK. . .CONSTANTE DE KARMAN S
»..U10, .VITESSE DU VENT A 10 METRES S
«++AL...LONGUEUR DE MONIN-OBUKHOV
...20...PARAMETRE DE RUGOSITE
.+ .INDIC..0 SI LE CALCUL EST NUMERIQUEMENT POSSIBLE
..1 SI LE TERME INTERVENANT DANS LE LOGARITHME EST NUL ON POURRA AMELIORER
CE POINT EN IMPOSANT AU TERME D'ETRE SUPERIEUR A EPS T :

EPS=0. S .
X=AL*(EXP(10./AL)=1.)/20 ' - : :
IF(X-EPS)100,100,110

INDIC=1

USTAR=0.

RETURN

USTAR=AK*U10/ALOG(X)

RETURN

END
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‘SUBRDUTINE PROTP (AL,AK,USTAR,Z0,TETO,N,Z,TETA,IX,1J)
\DIMENSIDN Z(1),TETA(1)

o

()]

¢

CALCUL D'UN PROFIL DE TEMPERATURE TETA(Z) EN FONCTION DE Z

TABLEAU CONTENANT LES DIFFERENTES VALEURS DE LA HAUTEUR DES OBSERVATIDNS,

DIMENSION N
«o.AL.., LONGUEUR DE MONIN-OBUKHOV,

«..AK....CONSTANTE DE KARMAN.
... USTAR.VITESSE DE FROTTEMENT
+..20....PARAMETRE DE RUGOSITE ,
««.N.....NOMBRE DE VALEURS DIFFERENTES DE LA HAUTEUR
«+.TETA, , TABLEAU CONTENANT LES RESULTATS DE DIMENSION N }
...TETO..VALEUR FIXE DU PROFIL POUR 'Z0 - . o
GO TO (201,202),1J S S
T=ABS(AL*EXP(=0.02)=1.) Ce e
IX=1 ' S
6=9.81 . \ ' ’
T=TETO*(1. +USTAR*USTAR*ALDG(T/ZD)/AK/AK/G/AL)
DO 90 I=1,N
IF(AL)100,100,12%

'J0 BL=~.,02%AL

IF(ABS(Z(I)~BL).EL.O. 000001)Z(1)=BL
IF(Z(1)-BL)110,110,120

CL=ABS (BL)

TETA(I)=T+2.8%USTAR*USTAR* (1./Z (T1)** 521, /CL** . 5)/G/ABS(AL)** 5

GO TO 90 _ ‘

S=ABS (AL*(EXP(Z(I)/AL)~1.)) L
IF (ABS(S).LE.0.00001)TETA(I)=TETO

IF(TETA(I).EQ.TETO)GO TO 90

TETA(I)=TETO* (1. +USTAR*USTAR*ALDG(S/ZO)/AK/AK/G/AL)

GO TO 90

DL=0.001*AL

IF(ABS(Z(I)-DL).LE.O. 000001)2(1) =DL

IF(Z(I)-DL) 110,110,122

TPRIM= ABS(AL*(EXP(U 001)-1))

TPROM=TETO* (1, +USTAR*USTAR*ALOG ( TPRIM/Z0) /AK/AK/G/AL)

TETA(I)=TPROM220, *USTAR*USTAR*TETO* ((Z(I)/AL)**0,1-0,001%*0, 1)/AK/AK/G/AL

CONTINUE .
RETURN : e
TETA(I)=TETO* (1. +USTAR**2*ALOG(Z(I)/ZO)/AK/AL/AK/G) R AL
IX=2 FUNCTION BOWEN(TET10,TETO) C

RETURN CALCUL DU RAPPORT DE BOWEN -

END : ; T
‘ S ‘| DELTA=TET10-TETOQ EESS EC

S .} IF(DELTA)100,100,110 R

0 BOWEN=.1-,09*DELTA o

MX=3

RETURN

0 BOWEN=-,8*DELTA

86 '{ RETURN

END-.
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SUBROUTINE FLUEV(USTAR,AL,BOWEN,QHO,EVAPO)

CETTE SUTROUTINE CALCULE -
++.QHO, .. .FLUX DE CHALEUR SENSIBLE '/
. ) ’ ,

. .EVAPO.EVAPORATION 5
CONNATSSANT

. USTAR,VITESSE DE FROTTEMENT
«.AL....LONGUEUR DE MONIN-OBUKHOV,NON NULLE
. .BOWEN.RAPPORT DE BOWEN,NON NUL

QHO=~.9E+04*USTAR*USTAR*USTAR/AL
EVAPO=1 ,5E-02*QHO/BOWEN

MX=3

RETURN

END

SUBROUTINE PROHU(EQ,BOWEN,N,TETA, TETO,EHUM)
{ DIMENSION TETA(1),EHUM(1)

CALCUL DU PRCFIL D'HUMIDITE CONNAISSANT CELUI DE TEMPERATURE

eeoE0.. . .VALEUR DE L'HUMIDITE POUR Z=Z0 PARAMETRE DE RUGOSITE

e+« DOWER, ,RAPPORT DE BOWEN »

eeoN.... . NOMBRE DE VALEURS DIFFERENTES DE LA HAUTEUR

...TETA,, . TABLEAU DE DIMENSION N CONTENANT LES VALEURS DU PROFIL DE TEMPERATURE
+..TETO,..CONSTANTE CORRESPONDANT A LA VALEUR DE ZO

+«.EHUM,, . TABLEAU DE DIMENSION N CONTENANT LES VALEURS DU PROFIL D'HUMIDITE

]

DO 100 I=1,N S . o
0 EHUM(I)=E0+.66%(TETA(I)~-TETO)/BOWEN = : T

MX=3 : '

RETURN

END
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i

b CL=-0.02*AL

. T2W2(I)=-A2*(1.+R/EHUM(I))*(A1/Z(I)/EHUM(I))**2‘

SUBROUTINE EOPTI(A1,A2,B,NP,EHUM,Z,W,T2wW2,AL,1J)
DIMENSION EHUM(1),Z(1),W(1),T2w2(1),X(15) -

EN ENTREE A1 EST UNE CONSTANTE.
A2 EST UN PARAMETRE CONSTANT LORS D'UN APPEL DU SOUS-PROGRAMME
B EST UN PARAMETRE CONSTANT EGAL AU RAPPORT DE BOWEN
NP EST LE NOMBRE DE POINTS DU PROFIL -
EHUM DIMENSION NP CONTIENT PROFIL D'HUMIDITE
Z  tiieveteseense eessesesseess DE HAUTEUR
EN SORTIE W titeereeesssennseses OMEGA (CF.TEXTE)
T2W2.0eavesroasssooseesss LA DERIVEE SECONDE DE
TETA PAR RAPPORT A OMEGA)
R=0.66*A2/B ' :
DO 300 I=%,NP
IF(IJ.EQ.2)GO TO 110
IF(AL)110,110,120

IF(ABS(Z(I)-CL).LE.D.000001)Z(1)=CL
IF (I1J.EQ.2)GO TO 111 A . -
IF(Z(I)-CL) 111,111,112 )
W(I)=Z(1)*(EHUM(I)=R)/A1 :

GO 7O 300
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2

W(I)=R*Z(1)#* 75%(1,33*%AL/Z(1)~-.34)/(2.7*(ABS(AL))**,75)

W(I)=EHUM(I)-W(I) A

W(I)=W(I)*Z(I)/A1
X(I)=R*(1,+,6%Z(I)/AL)/(EHUM(I)*2,7*(Z(1)/ABS(AL))**,25)+,75

X(I)=,2%(Z(I)/ABS(AL))** 75+(1.+. 6*Z(I)/AL*X(I))/(2 7*(2(1)/ABS(Au)** 25)

T2W2(I)= X(I)*(=A2%(A1/Z(1)/EHUM(T))**2) . , .

GO TO 300 .

DL=0.001*AL - '

IF(ABS(Z(1)-DL).LE.0.0D0001)Z(1)=DL

IF(Z(1)-DL)111,111,122 . , -

W(I)=R*2%((Z(I)/AL)** 1)*(,9+,3%Z(1)/AL) ’ -

W(I)=EHUM(I)-W(I) :

W(I)=Z(I)*W(1)/A1

X(I)=R*2% (1, +.6%Z(T1)/AL)*(Z(T1)** 1) /EHUM(T)* (AL** 1)+1 .1

X(1)=1.2%(Z(1)/AL)** 1 44 (1 . +6%Z(1)/AL)*2%((Z(1)/AL)**, 1)*x<1)

T2w2(I)= X(I)*(-AZ*(A1/Z(I)/EHUM(I))**2) o ,

CONTINUE : _ o ) :

" RETURN o S , o

END
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TABLE OF NUMERICAL VALUES OF

(md/cm>/m)



ujg = 15 me

-
.

o es

.
.
-
.

L -(m) : -5 : - 16 : - 100
Mg -Og: : P - 9,17
so(mw/cm% : : 4 25,2872
Z(m) :--— --_-: ----------- :——-7 -------------------------
10=3 = : :+ 1,09
-2 H H :
10 3 : '+ 1,68
w0 . ', i 6,62.107
1. - 2,66.107:

® o o e e g e § O v o o . o St

10

L.
a8 96 68 s as 00 o

se @8 os o8 oo

“ter 5107

e e e § e

——— o v

LY 1)

T TR VY

—— s - —— —— —————

——— - — - - - - - —— -

P 1,771

9

= 3,61.10

- s s G e e e e

LS00 s +100 : 416 i +5

+ 1,53 -_é + 8,20 _ ‘ -
- 4,9600 __; - 2'4,.47651.' : ___:f________.l
- 3,1 -___"_E;:_’_:Bé :
o ‘2,61.10'2;;- 1,é1.1o}'1-§ :
e 1,40. 10_1;+ 6v{3;[ﬂ:1; ___________ ;L .........
“+ 6,01.10° :+3201U; _____ -
+ 1,97.10 ;t_&ES_’AO ; §__:.___---
+2,9§.10"23+1 79.107"
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3 : C St 3 : H : : :

: L{m) -5 : - 16 : - 100 : - 500 : - 1000 : + 1000 + 500 : + 100 : + 16 : +5
: : : H H 3 : H s. ) : :

B0 -6 E : -54 : -0,87: -~0,44 : +0,44 : +0,91 : +4,84 :
15 (mW/cmd: : : + 10,4026 : + 2,0556 : + 1,0263 : - 1,0232 - 2,0432 :-10,022 ;i :
: Z(Tg : . : : . . 1t P’ ot P -1t K _
;10 : : + 5,54.10° :+ 1,28.10° :+ 6,82.10 " 7,62.10  :- 1,56.10 - :- B,27.10 . : s
SRR T : e 1,43.107 1o 3,18.107%:= 1,69.107 22+ 1,64.1072 14 2,90.1072 1+ 9,32.1072; .
: 10t : - 4,78.10“1 - 9,83.10"2!- 5,,04.1q‘?:+'5,02.10'2 s+ 9,76.-10"2 o+ 4,48.10'1 :
: 1 : : - 1,78.10‘1 - 3,63.10‘2:- 1,84.10‘2:+ 1,74.10‘2 ;+‘3,72.10’2:+ _1,97.1{3“1 : r
. A | : : 53 ot ' _at . 9t -2 ot s
: 5 :, : :- 6,03.10 2,. 1,12.10 2. 5,54.10 3.4 5,73.10 3. 1,20.10 :+ 6,56.10 2, e
: 10 : : 1 6,28.10’2;_ 1,32.10‘2;- 6,50.10-3; + 7,97.10 3+ 1,70.10“2:+ 1,02.10"1=' s

<
;. e
. -



H H 3 H H - : H H H . : H :
L{m)t =5 . _16 : -100 : -S00O : _-1000 : +1000.; .+500 & 41900 = ¢ 16 : +5
; : --; ' 23 L H kS H ]
Bin -0.5" : _11.43 : -2,00 ¢ =0,34 -0,17 : +0,17 * +0,3¢ :+1,8 P +12,08 ¢
10 0 ' ’ . .
S (mi/cm? : 4 13,0612 t+1,9578 ¢+ 0,3875 : +0,1935 :-0,1930 :-0,3855 :-1,9074 ¢- 11,100
2 T ST _-_—='""7'"“:_ o -2 2 R :
10-3 : % 6,17.1071 ¢ + 1,27.107+ 2,85.10 244 1,47.407%5 - 1,55.107% 3,23.107° #-1,76.10 " L 4,52 £
2. - . -1, R 2, . -2, 5 691072 # 1,17.107" 3 -1
10 : L 7,81.107 = 1,20.107 - 2,79.107 ¢- 1,45.107" % 1,40,10 ~ + 2,69. o 10 + 2,93.10 "~
1 : : ) R o2 =2, -2, -2, 0.107" . 1. 14 :
10 : = 1,05 L 2,00.107 = 4,17.10 " 3- 2,12.10 " % 2,08.10 =~ % 4,07.10 ~ = 1,90, LT :
: : -1 : ‘ - : -2'= - : ‘ -3 : ‘ "2: - I 10'2~:+ 4 54.10-1 :
1 : e 4,49.107 :- 6,84.107°:- 1,38.107 - 6,92.107 = 6,60.10° " = 1,39.10 ~ = 7,36. =5 P
- 3 2 -1 : =2 P —3= P -3: -3 : -3 :+ 240 10"2 :+ 1 70.10-1 :
5 3 : 1,26.107" == 2,13.107° - 4,09.107 3= 2,02.10 " +2,12.10 = % 4,42.10 ~ # &,480. s :
————————l ———— -2 e e ——— e m—————— e ———— S m———— : - HE s ) e ——————
o : il 20 a,a1.107%" 3t a3 2l 2w 3,370,
1 s = 1,07.107 - 1,99.10°" ¢ 7 ° :- 2,22.1070:+42,73.107° # 5,82.10 ° % 3,49.10 = “»=1e :

L 1 es 88 44 66 86 B8 68 68 G0 95 se o8 6o
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U10 =5 m,’a

\O

=
: L{m) 2. -5 : - 16\ : - 100 : - 500 : - 1000 E + 1000 + 500 : + 100 | : + 16 : + 5
: : s . s s s : ' s : : s
,910-90 . -13,51 : -4,19 :-0B = -0,43 = -0,00 : +0,06:: + 0,12 : +0,66 : +4,40 : + 13,38
:s (mw/cn@ +9,8031 1 +2,6638 : +0,4008 : +0,0794 =+ 0,039 : . 0,0395 : - 0,0790 : = 0,3911 : - 2,2843 : - 6,0285
G T Y B P R S = == =
. 10-3 3+ 2,77.10 =+ 1,00.10 1:+ 2,36.10 ":+ 5,35.10 =+ 2,71.10 "+ 2.90.1 3:_ 6.25.10" ._ 3,70.10 2._ 3,90.1 1: - 1,80
. 1072 = 1,36 :- 4,06. 10 - 6,79. ’U %:- 1,48, 1077:~ 7,50.10 "3 7,18. 10 t— 1,39.107%:+ 6,33.1077:+ 2,37.10° :+ 1,88.10
: v ; : , 2% 4 59.107%% ¢ 37,10 %0n -2, 2. ‘ -1; 1,0
. 10”0 3= 1,55 := 4,50.107 :- 8,35.107 :-1,71.10 " :~ 8,59. % 8,37.10 0:- 1,64.107 ¢+ 7,75.107 2+ 4,66.10 "=+ 1, 5
. H —1: b4 2: 3 33 . -3= ) . 3. : 13 -1
: 1 := 5,53.100 := 1,71.10° &= 2,67.10 2= 26,107 := 2,64.107" % 2,53.107 := 5,31.10 ":+ 2,78.107%:+ 1,71.107 :+ 3,87.10
: : -1: o H 3:‘ H : ; . _3: ._3: . _2: -1
.. 5 1=1,57.107 :- 4,74.10 7= 7,72.10 2= 1,51.4075= 7, 60,107 %+ 8,02.10 A e 1,66.10 71+ 8,91.107 1+ 6,35,107 "3+ 2,12.10°
: E : - 2° : 3t 4° ' L "_ : : <3 -1
. 1o - 1,28.10 = 3,87.10 2, 7,00.107%4- 1,61.907 1= 7,99.107 1,79, 81.107*:-2,10.10 3 14 1,25.107%:+ 1,19.10 1:+ 6,45.10




e 2,8 m/s

: L (m) -5 : -16 : -100 .: -S00 : -1000 : +1000 : +500 : + 100 : +16 +5
:0,0-60:. -3,70 ¢ - 1,15 : -0,20 ¢+ -004: -0,02 : +0,02 : +0,0 : +0,18 ; +1,20 ; 4+ 3,67
e ——t e —tee : B T L B : ——i- e o -lmene :
S (mW/cm® 1,1572 : 0,3198 : '0,0485 : 0,009 0,0048 : - 0,0048 : - 0,0096 : - C,0474 : - 0,2793 : - 0,7525
SR pa— : e g o Rt : —-— —= = i- i== :
TZ(m) ¢ 2t -2° : 4t -4° -4¢ -5° -4 -2} :
10-3 fe 6,02.1072: 1,75.1072;- 1,95.10-3:- 3,37.10%:- 1,72.10"%: 41,00.307%:+ 9,12.1077:- 9,7:10 4 - 4,51.107%; - 3,12.10"
_________ SR 1 ———teeee ) : —g mm———— $ e 2 $-- : -
d. 1} 1 oL 3t TS S -3¢ -2 ! -1° -1
1072 :2 4,89.107 1= 1,52.107 1= 2,55,1072i- 5,22.107 1= 2,62.1077:42,49.107 1+ 4,86.107 z+ 2,3.107° £+ 1,02.107 14 1,73.10° .
s s : s : : : : . : : s ~
- - . ) - - H * - - —2 -
oo ie 4,72.407 o 1,485,107 2 2,50.1072: 4,99.107%:- 2,48.1073; +2,39.107 24 4,73.107 14 2,24.107 54 1,36.107 1+ 3,25.10
3 : ~ 3 4: 3f 3 H

0'2:- 7,39.10‘3:- 1,45.10"3:~ 7,18.10-4; +6,89.107 :+ 1,45.107 :+ 7,55.10‘3=+ 4,68.10’2=+ 1,09.10'1;

0 oy o o ! - S e e ey § o o e e e e e e § > o

: ot : _qt a8 : 4t _ -4t 4t _9¢ 5 ¢
5 m 4,17.1072:- 1,24.10 2, 2,000 - 4,12.107%:- 2,06.107%; +2,16.10 4.0 4,40.107% 4 2,36.10 224+ 1,67.107°:45,60.10 2_
_ 3 ot 33 _qt 4t 4t _at. _4i, _qt Y 9
10 := 3,11.10 2:-— 9,8.10 3 - 1,76.10 3:- 4,23.10 4:- 2,08.10.4: +2,53.10 4:+ 5,34.10 :+ 3,17.10 3:+ 2,99.10 2:+ 1,63.10
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Figure 6. Table summarizing the roughnéss characteristics of the ocean
surface (according to Wu 1969).
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Region of variation of the experimental determinations of the emissivity
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APPENDIX T |

NUMERTCAL- CALCULATION. PROGRAM (FORTRAN IV) |

- DIMENSION U(S),ZDM(S),UBUKU(10)

DIMENSION Z(15),X(15),TETA(15),EHUM(15),w(15),T2W2(15),V(15),Y(15)
- DIMENSION WR(10),ZR(10),DIV(10),FI(10),CUMUL(10),TawW3(15),EMIS(15) —_
FORMAT(////,3%,WIND. VELOCITY. AT 10 M., UlO0= ',F’9Jl,'....ROUGHNESS{}

ieeenennnanns Z0="T,€ 9.3, V. L.MONIN=OBUKAOV, .. 7. ... .= YUF9.0)

FORMAT(/  ,1H , ' USTAR= " .',F10.4,',FLUX QH=',F10.4,',EVAPO=

t',F10.5,',BOWEN= !,F10.4," ,A=  ,F10.5)

FORMAT(1H .,100(1%*1)) E o

4 FORMAT(1H 5 . .  .HEIGHT. ... ¥  _ TEMPERATURE ____ * ~ "HUMIDITY _ _ ¥]
N N V3 V) T *1) : I '

FORMAT(1H ,5(E15.8,4X,1H*)) ’ : :

FORMAT(1HD, 'NP=R * WR ¥ “ZR * . INTEGRAL = *

'DIVERGENCE  * CUMUL  *1) —— o

FOR&AT(1H, I4,1X, 1%t S(E13.7,1X,'*')) .

 INTTIALTZATION OF CONSTANT_ ANALYSTS. VALUES]:

N=14
AK=0, 4
TETO=293, . \
u(1)=2.8 . _ C , - o ‘ ,
U(2)=5. : . c o S ;
u(3)=8.

U(4)=12. . . A

U(5)=15. - ' h \

ZOM(1)=0.00001 . o

Z0M(2)=0.00005

Z0M(3)=0.0001

70M(4)=0,0005

70M(5)=0,001 .

JBUKO(1)=~1000,

JBUKO(2)=-500. - .

JBUKO(3)=-100, : L
JBUKG(4)==16 ' ' :

JBUKO(5)==5

)0 100 1=6,10 : ’

=111 ’

)BUKO (1 )=~0BUKO(J)

'0=23.27 .

1=13000 . Y

MX IS THE NUMBER OF THE :QUTPUT. UNIT



_ STANDARD HETGHT VALUES

X(1)=0.

X(2)=0,00001 _ .
X(3)=0,00005 : . ' , )
X(4)=0,0001 : .
X{5)=0.0005

X{6)=0.001

X(7)=0.008

X(8)=0.01 . 4

X(9)=0.05 Co .

X{10)=0.1 -

X(11)=0.5

‘>X(12)=1.

X(13)=5.
X(14)=10,

X(15)=100.

VALUES OF THE EMEISSIVITY. CURVE :PARAMETERS ]

. B0=0,7875
" B1=0.1420

20

B2=0,0065

_UP TO HERE THE NUMBER OF PAIRS (UlO zoo STUDIED USED FOR EVALUATION, NTEST 5 |
DO 130 I=1,5
U10=U(1)
20=Z0M(1)
WE CAN SEE THAT THE NUMBER OF PROFILE POINTS AND THE]
POSSIBLE HEIGHT VALUES, NEVER ZER® -
NP=N+1-1 T TTTTNTT T T o R
DO 120 J=1,NP :

K=I+d

Z(J)=X(K)

CALCULATIONS FOR FIXED VALUES OF THE MONIN- OBUKHOV
LENGTHS ARE BEING- CARRIED,OUT-_ 3 \
DO 130 J=1,10

TH=1

DO 130 IJ=1,2

AL=0BUKO(J)

WRITE(3,1)U10,20,AL
UETOI=USTAR(AK,U10,AL,Z0,INDIC)

“GALCULATION OF THE: TEMPERATURE. PROFILE . |
CALL PROTP(AL,AK,UETOI,ZO,TETO,NP,Z,TETA,IX,IJ)
TET10=TETA(NP)

CALbULATION OF THE BOWEN RATIOW

I:zéf

B=BOWEN(TET10,TETO)



35

40

bs

65

.DO0 140 K=1,10

CALCULATTON OF THE HEAT FLUX ‘AND. EVAPORATION
CALCULATION.OF .THE. HUMIDITY PROETLE ... .

CALL FLUEV(UETOI,AL,B,QHB,EVAPO)
CALL PROHU(EQ,B,NP,TETA,TETO,EHUM)

_CALCULATION. OF ELEMENTS. INVOLVED. IN THE.RADIATION FLUX
DIVERGENCE. |

A2=TETO*UETOI*UETOI/(AK*AK*AL*9 81)

CALCULATION OF THE TWO TABLES CONTAINING W AND THE SECOND
DERIVATIVE-OF. THETA_WITH RESPECT. IQMW_. - o

CALL EDPTI(A1,AZ,B,NP,EHUM,Z,W,TZWZ,AL,IJ)
WRITE (MX,2)UETOT,QHO,EVAPO,B,A2

WRITE(MX,3) '

WRITE(MX, 4

WRITE (MX,3)

DO 135 K=1,NP

WRITE (MX, 5)Z(K) TETA(K) ,EHUM(K) ,W(K), T2w2(K)

. c,
' CALCULATION OF THE VALUES ZR AND WR] . .

L=NP-K+1

M=11aK

WR (M) =W (L) : .
ZR(M)=Z(L) . | , .

CALCULATION OF EMISSIVITIES
DO 150 M=1,10 .

DO 163 K=1,NP

V(K)=W(K)=WR(M)

IF(V(K))164,162,164

EMIS(K)=0.

GO TO 163

IF. (ABS(V(K))-1,E-4) 165,165,161

IF(IH.NE.3) GO TO 300 . . .

IX=2 '

EMIS(K)=0,218%(1.+1 ,125% (SORT(ABS(V(K)))~T7. 9E 2)/(50RT(ABS(V(K)))+17 9E-2)) -

G0 TO 163
IF(IH.NE.3) GO TO 3o

IX=2

‘EMIS(K):U.ZBO*ALDG(1.+1.043E3*(ABS(V(K))))

GO TO 163 1
EMIS(K)=0.055%AL0OG(1,+7.E3*ABS(V(K))) _ . o \
TIWA(K)=T2W2(K)* (EMIS(1)-EMIS(K)) - N
INTEGRATION OF THE FUNCTION T3W3 TABULATED IN THE INTERVAL V(1) TO V(
THE INTEGRAL EQUALS FI.SSP PAGE 289 ( ) 0 V(NP)

CALL QTFG(V,T3W3,Y,NP)
FI(M)=Y(NP) B / :25

— [ — — e —— o ——a




CALCULATION OF THE DIVERGENCE AT LEVEL ZR |

L=NP=M+1{ ’
§ DIV(M)==22 4E-G* TETO**3*EHUM(L)*FI (M) /A1

" CALCULATION OF CUMULATIVE AREAS OF DIV OF THE FUNCTION OF Z |

CUMUL(1)=1.E~-3*DIV(1)
D0 170 M=2,10 ‘ - ' .
CUMUL (M) =CUMUL (M=1)+(ZR(M)=ZR(M=1) )*(DIV(M)+DIV(M=1))*.5 : v

WRITE(MX,6) -

D0 180 M=1,10 _
WRITE(MX, 7)M,WR(M),ZR(M),FI(M),DIV(M),CUMUL (M)
G0 TO (210,130),IX .

IH=3

60 TO 208

CONTINUE

CALL EXIT

END

.SUB-PROGRAMS |

N

FUNCTION USTAR(AK,U10,AL,Z0, INDIC)

CALCULATION OF THE FRICTION VELOCITY USTAR(U STAR)
...AK...KARMAN CONSTANT
..U10..WIND VELOCITY AT 10 METERS
..AL...MONIN-OBUKHOV LENGTH . ,
...20...ROUGHNESS PARAMETER . e
\..INDIC..0 IF THE CALCULATION IS NUMERICALLY POSSIBLE
..1 IF THE TERM IN THE LOGARITHM IS ZERO, THIS POINT COULD BE
IMPROVED BY. SPECIFYING THAT THE TERM HAVE AN ORDER HIGHER
THAN THAT OF EPS

E‘tE)VIC.-.O
ifs=D,
ALY (EXP(10./AL) =1,)/20

FF{x-EPS)100,100,110

T31Ca1

$TAR=0, ’

BT ‘ L
- STHR=AK*U10/ALOG (X) ' ' s
3Ry

o



- "§UBROUTINE PROTP (AL,AK,USTAR,Z0,TETO,N,Z,TETA,IX,1J)

. DIMENSION Z(1),TETA(1) ,

7) IS A FUNCTION OF 2

CALCULATION OF A TEMPERATU&E PROFILE THETA(
OBSERVATION HEIGHTS,

TABLE CONTAINING THE VARIOUS VALUES OF THE
DIMENSION N ' :
..AL....MONIN-OBUKHOV LENGTH
. .AK....KARMAN CONSTANT
.USTAR.FRICTION VELOCITY

.70....ROUGHNESS PARAMETER
...N.....NUMBER OF DIFFERENT HEIGHT VALUES
.THETA .TABLE CONTAINING THE RESULTS OF DIMENSION N

.TETO..FIXED PROFILE VALUE FOR 20 _ I

GO TO (201,202),IJ
T=ABS (AL*EXP(-0.02)-1.)

IX=1

6=9.81 . '

T=TETO* (1 . +USTAR¥USTAR*ALOG (T/20)/AK/AK/G/AL)

DO 90 I=1,N S £ ‘\ :
1F(AL)100,100,121 , Reprod“.?;‘b\‘f?op g
BL=~.02%AL best 22—

IF(ABS(Z(1)-BL).EL.0.000001)Z(1)=BL
IF(Z(1)-BL)110,11G,120

CL=ABS(BL)
TETA(1)=T42.8%USTAR*USTAR¥ (1.,/Z (1)%* 5-1,/CL**.5)/G/ABS(AL)**.5

G0 TO 90 - o

S=ABS (AL* (EXP(Z(I)/AL)=1.)) '

IF (ABS(S).LE.D.00001)TETA(I)=TETO . N
IF(TETA(I).EQ.TETO)GO TO 90 ‘ T
TETA(1)=TETO* (1. +USTAR¥USTAR*ALOG(S/Z0)/AK/AK/G/AL) o '
GO TO 90 :

DL=0.001*AL L S
IF(ABS(Z(1)-DL).LE.0.000001)Z(I)=DL

IF(z(1)-DL) 110,110,122

TPRIM=ABS (AL* (EXP(0.001)~1))

TPROM=TETO* (1. +USTAR*USTAR¥ALDG ( TPRIM/Z0)/AK/AK/G/AL)

TETA(1)=TPROM220, *USTAR*USTAR*TETO* ( (Z(1)/AL)**0.1-0.001%*0.1)/AK/AK/G/AL
CONTINUE . :

RETURN -
TETA(1)=TETO* (1 . +USTAR**2*ALOG (Z(1)/Z0)/AK/AL/AK/G) B -

CIX=2

RETURN
END

FUNCIIONﬂ?QWEN(TET]DtTQTQ[_VV L
CALCULATION OF THE BOWEN RATIBW.

DELTA=TET10-TETO

IF (DELTA)100,100,110

BOWEN=,1-.09*DELTA

MX=3

RETURN ‘ ‘ - 127
ANWE N- . A*DFITA . .



SUBROUTINE FLUEV(USTAR,AL,BOWEN,QHO,EVAPO) '

THIS SUBROUTINE CALCULATES
.QHO....FLUX OF SENSIBLE HEAT
. +EVAPO.EVAPORATION
WHEN THE FOLLOWING ARE- KNOWN
.USTAR.FRICTION VELOCITY
.AL....NON ZERO MONIN-OBUKHOV LENGTH
BOWEN NON ZERO BOWEN RATIO

QHO=-.9E+DA*USTAR*USTAR*USTAR/AL
‘EVAPO=1,5E~-02*QHO/BOWEN

MX=3 -

RETURN

END

SUBROUTINE PROHU(EO,BOWEN,N,TETA,TETO,EHUM)
DIMENSION TETA(1),EHUM(1)

CALCULATION OF THE HUMIDITY. .PROFILE_IF THE TEMPERATURE PROFILE IS KNOWN
' "EO.;...VALUELOE,THELHUMIDITX“FOR_Z Z0. ROUGHNESS PARAMETER
. BOWEN....BOWEN..RATIO . ......
.,VN;.};},NUMBER OF- DIFFERENT HEIGHT VALUES
“TEEA .N DIMENSION TABLE CONTAINING THE TEMPERATURE PROFILE VALUES
.TETO...CONSTANT CORRESPONDING TO THE VALUE OF ZO
EHUM '“N DIMENSIONAL TABLE CONTAINING THE HUMIDITY PROFILE VALUES

D0 100 I=1,N

ERUM(T)=EO+. 66*(TETA(I) TETO)/BOWEN
MX=3

RETURN

END

SUBROUTINE EOPTI(A1,A2,B,NP,EHUM,Z,W,T2W2,AL,1J)
DIMENSION EHUM(1),Z(1),wW(1),T2w2(1),X(15) -
| e .

AS INPUT Al IS A CONSTANT. )
A2 IS A CONSTANT PARAMETER WHEN THE -SUB-PROGRAM IS CALLED|

B IS A CONSTANT PARAMETER EQUAL TO THE BOWEN RATIO ,

NP IS THE NUMBER OF PROFILE POINTS )

EHUM DIMENSION NP CONTAINS THE HUMIDITY PROFILE

Z HEIGHT
'AS OUTPUT W . OMEGA (SEE TEXT)
T2W2. SECOND DERIVATIVE OF
o wru. o TETA WITH.RESPECT. TO OMEGA)
i0.66%02/B S - ‘ |
0300 1=1,NP . /gcg

F(14,EQ.2)GO TO 110

FlaL) 110,110,120

{L==0,02%AL
W(ABS(2(1)-CL).LE.D.000001)Z(1)=CL

W(Imﬁaiyﬁown 111
;FU(U—CL 111,111,112



PW(I)=R*Z(1)** 75%(1,33*%AL/Z(1)~. 34)/(2 , 7% (ABS(AL))**,75)
W(I)=EHUM(I)-W(I) .

W(iI)=w(1 )*Z(I)/A1 '
X(I)=R*(1.+.6%Z(1)/AL)/(EHUM(T)*2. T*(Z(1)/ABS(AL))**,25)+,75

X(1)= 2*(Z(I)/ABS(AL))** T5+(1.+.6*Z(1)/AL*X(1)) /(2. 7*(2(1)/ABS(Au)** 25)
T2W2(TI)= X(1)*( _Az*(A1/Z(I)/EHUM(I))**2) .

G0 TO 300

§ DL=0.001*AL -

IF(ABS(Z(I)-DL).LE.D.000001)Z(1)=DL

IF(Z(1)=-DL)111,111,122
PW(I)=R*2%((Z(1 /AL)** 1)%(.9+.,3%Z(1)/AL)
WI)=EHUM(I)=W(I)

W(I)=Z(I)*w(I)/A1 .

X{I)=R*2% (1 .+, 6%Z(1)/AL)*(Z(T)**,1)/EHUM(T)*(AL**.1)+1 .1
X(T)=1.2%(Z(1)/AL)**1 1 4(1 +6%Z(I)/AL)*2% ((Z(1)/AL)**, 1)*x<1)
T2W2(I)= X(I)*(~ A2*(A1/Z(I)/EHUM(I))**2)

CONTINUE

RETURN

END o o | /:167



